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STOCHASTIC ANALYSIS OF PARTICLE
MOVEMENT OVER A DUNE BED

By BAuM K. LEE and HARVEY E. JoBsoN

ABSTRACT

Stochastic models are available that can be used to predict the
transport and dispersion of bed-material sediment particles in an
alluvial channel. These models are based on the proposition that the
movement of a single bed-material sediment particle consists of a
series of steps of random length separated by rest periods of random
duration and, therefore, application of the models requires a
knowledge of the probability distributions of the step lengths, the
rest periods, the elevation of particle deposition, and the elevation of
particle erosion. In the past, it has proven impossible to estimate
these distributions except by use of tedious and time-consuming
single particle experiments.

By considering a dune bed configuration which is composed of
‘uniformly sized particles, the probability distributions of the rest
period, the elevation of particle deposition, and the elevation of parti-
cle erosion are obtained from a record of the bed elevation at a fixed
point as a continuous function of time. By restricting attention to a
coarse sand, where the suspended load is negligible, the probability
distribution of the step length is obtained from a series of “instan-
taneous” longitudinal bed profiles in addition to the above informa-
tion. Using these probability distributions, three bed-material
transport equations and a two-dimensional stochastic model for dis-
persion of bed-sediment particles are developed.

The procedure was tested by determining these distributions from
bed profiles formed in a large laboratory flume with a coarse sand as
the bed material. The elevation of particie deposition and the eleva-
tion of particle erosion can be considered to be identically dis-
tributed, and their distribution can be described by either a “trun-
cated Gaussian” or a “triangular” density function. The conditional
probability distribution of the rest period given the elevation of parti-
cle deposition closely followed the two-parameter gamma distribu-
tion. The conditional probability distribution of the step length given
the elevation of particle erosion and the elevation of particle deposi-
tion also closely followed the two-parameter gamma density function.
For a given flow, the scale and shape parameters describing the gam-
ma probability distributions can be expressed as functions of bed
elevation.

The bed-material transport equations were tested for three flow
conditions. The errors in the predicted mean total bed-material
transport rates were —3.0, +3.5, and 80.1 percent for equation 55,
and —1.7, +26.9, and +64.1 percent for equation 63. For the run with
the large error, the mean total load concentration was small
(8.9 milligrams per liter), and flow conditions were somewhat out of
equilibrium.

INTRODUCTION

The movement of sediment in alluvial streams is so
complex a process that it may never be subjected com-
pletely to a deterministic solution. It represents, in fact,
an extreme degree of unsteady, nonuniform flow, since
the streambed as well as the water surface may be con-
tinuously changing with time and position.

Numerous formulas and equations have been
developed to predict sediment transport rates. Most of
these developments ignore the actual nature of sedi-
ment movement and have assumed that the sediment
transport rate can be described by a deterministic func-
tion of certain flow parameters. Unfortunately, after
decades of searching, no universally accepted sediment
transport equation has been found. The theories of
probability, statistics, and stochastic processes have
been used to describe the kinematics of a single bed-
sediment particle in an alluvial channel flow and to pre-
dict the dispersion characteristics of a group of such
particles. These theories have clearly demonstrated a
great potential for development of stochastic models of
sediment transport and dispersion.

Most of the stochastic models (Shen and Todorovic,
1971; Grigg, 1969; Yang, 1968; Sayre and Conover,
1967; Hubbell and Sayre, 1964; Crickmore and Lean,
1962; Einstein, 1937) are based on the proposition that
the movement of bed-sediment particles consists of a
series of steps separated by rest periods, so that deter-
mination of the probability distributions for the step
lengths and the rest periods of a bed-sediment particle
plays the major role in quantifying the bed-sediment
transport. While this movement concept can easily be
verified through laboratory observations, Einstein
(1937) was the first to use it. He developed a one-dimen-
sional probabilistic model for bedload transport. More
recently, Sayre and Conover (1967) derived a two-
dimensional stochastic model by introducing the prob-
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ability distribution of the elevation at which a bed-sedi-
ment particle is deposited.

The probability distributions of the step lengths and
the rest periods of a bed-sediment particle have been
estimated from single particle experiments (Grigg,
1969) or by using a group of tracer particles (Yang,
1968; Hubbell and Sayre, 1964; Crickmore and Lean,
1962). Because of the considerable effort required to
conduct such experiments, it seems clear that some way
must be found to estimate the probability distributions
from more readily accessible data if significant further
progress is to be expected. To apply the Sayre-Conover
(1967) two-dimensional stochastic model, the prob-
ability distribution of the elevation at which a bed-sedi-
ment particle is deposited must be known. A method for
estimating this distribution is developed in this report.

The objectives of this study are:

1. To present a method of estimating the following
probability distributions for dune-bed conditions using
only sounding records of the bed elevation — (a) prob-
ability distributions (note that there are two separate
distributions) of the elevation at which a bed-sediment
particle is eroded and deposited, and (b) conditional
probability distributions of the step lengths of a bed-
sediment particle given the elevations at which the par-
ticle is eroded and deposited. A method estimating the
conditional probability distribution of the rest periods
of a bed-sediment particle given the elevation at which
the particle is deposited has been presented by Sayre
and Conover (1967).

2. To develop bed-material transport equations based
on the above probability distributions and to compare
the results with the experimentally measured values.

3. To derive a two-dimensional stochastic model for
dispersion of bed-sediment particles as a function of the
above probability distributions.

The probability distributions of the elevation at
which a bed-sediment particle is eroded and deposited,
and the probability distribution of the rest periods, con-
ditioned on the elevation of deposition, will be obtained
from a continuous record of the bed elevation at a par-
ticular point as a function of time. The probability dis-
tribution of the step lengths, conditioned on the eleva-
tion of erosion and the elevation of deposition, will be
obtained from a series of “instantaneous” longitudinal
bed profiles. With these distributions obtained, various
related probability distributions of vital interest will be
estimated, and a relation between the rest periods and
the step lengths of a bed-sediment particle will be in-
vestigated.

Three experimental runs are analyzed and the rela-
tions between the statistics describing the postulated
probability distributions and the hydraulic conditions
are investigated. All data were obtained from a tilting

recirculating flume of rectangular cross section 61 m
long, 2.4 m wide, and 1.2 m deep. The bed material used
in these experiments was screened river sand with a
median sieve diameter equal to 1.13 mm and a
geometric standard deviation equal to 1.51.
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as those contained in a dissertation by Lee (1973). The
data were collected under the general supervision of the
second author. Special thanks are due E. V. Richardson,
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BACKGROUND
THEORETICAL MODELS

Einstein (1937) treated the movement of a single
sediment particle over an alluvial bed as a stochastic
process described by an alternating sequence of two in-
dependent random variables, namely, step lengths and
rest periods. Considering the particle movement in the
distance-time plane on a Galton’s board (Parzen, 1960),
Einstein derived exponential probability density func-
tions for the step lengths and the rest periods,

-k.,x

(x) =k, e 1 , x>0 ¢))

fX
and

,t>0 2)

1]
&
o

fr =k,

respectively, where

X T =random variables describing the step
lengths and rest periods of a parti-
cle, respectively;

x,t = distance and time, respectively;
fx @, fr= common probability density functions
of the step lengths and rest periods,
respectively; and
k,, ky = positive constants.

For a sediment particle introduced into the stream at
distance x = 01in such a way that it takes its first step at
time ¢ =0, Einstein obtained the probability density
function of the total distance traveled by the particle at
time ¢ to be

o0 1

-klx - kzt

flx; t) = kl e :

n=1

n-
(klx)
' (n)

n-1
(kzt)
T'(n) !

x>0,t>0,(3)

in which I' (+) denotes the gamma function. Equation 3
also represents the concentration distribution of a
group of identical sediment particles with respect to
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longitudinal position, x, as a function of time, ¢.

The probability density function for the case when
the particle is initially (¢ = 0) at rest at x = 0 also was
obtained by a similar procedure,

“k.x - k.t 1

f(x;t)=k1e i 2 :

n=1

(klx)" -
' (n)

(kzt)n
F'in+1) '

x>0, t>0 . (4

It should be noted that equation 4 applies only to the
particle that has taken at least one step.

Einstein (1950) also developed his well-known bed-
load equation by considering the dynamic lift force as a
random variable. The idea is that the probability of a
sediment particle being eroded from the bed surface is
equal to the probability that the lift force exerted on the
particle exceeds its submerged weight. He obtained

BY, - —
) To 2 A,
p= ] - — e z dz = T , (5)
VI Yy L T+A,0,
*tk T
o
where
p = probability of a sediment particle being
eroded;

No.4,, B, = constants;
V¥, = intensity of shear for an individual particle
size; and
@, = intensity of transport for an individual par-
ticle size.

Solving equation 5 for ®,, which is a function of the bed-
load transport rate, one obtains the bed-load discharge
for individual particle sizes from hydraulic parameters
and sediment properties.

Hubbell and Sayre (1964) presented a one-dimen-
sional stochastic model for the longitudinal dispersion
of bed-material particles in an alluvial channel. The
results are identical to Einstein’s (eqs. 1—4). The
assumptions are: (1) the flow is in equilibrium (Simons
and Richardson, 1966); (2) the particle always moves
in a downstream direction with a series of alternate
steps and rests; (3) the duration of movement is insig-
nificant compared to the rest periods; and (4) the
stochastic processes describing the number of steps
taken by a particle in a distance interval and a time in-
terval are independent of each other and both are
homogeneous Poisson processes (Parzen, 1967). These
assumptions are essentially the same as those of Ein-
stein’s (1937) although stated in a different way.

Based on the concept of continuity, Hubbell and
Sayre (1964) proposed the transport equation for the
bed material of a certain characteristic,

- x
(Qp) o =iglrg) - e)Wh(t—)c , (6)

where
@ = bed-material discharge in weight per unit time;

i. =ratio of the volume of particles possessing the
characteristic size to the volume of bed-
material particles in the zone of particle move-
ment;

v, = specific weight of the bed material;

0 = bulk porosity of the bed in place;

W = width of channel,

h = average depth of the zone in which particle

movement occurs;

x = average distance traveled by bed material in

time ¢,
t = measure of time; and

¢ = subscript that denotes terms associated with

particles possessing a certain characteristic
size.
Combining equation 6 with the result from the Hubbell-
Sayre one-dimensional stochastic model gives the total
bed-material discharge for all particle sizes,

k
_ z _ 2
Qr= : lc(ys)c(l G)Wh(k—l> . (7

c

in which k, and k, are defined in equations 1 and 2,
respectively.

Sayre and Conover (1967) extended the one-dimen-
sional stochastic model derived by Hubbell and Sayre
(1964) to two dimensions by introducing the vertical
level at which particles are deposited. Their analysis led
to the joint probability density function for the event
that a particle has, at time ¢, traveled a distance equal
to x and is located at an elevation equal to y,

flx,y.1)
Z ot e
“fy (y)rz::lfx @ [ ) [ gy @)t (@)
where
fYD( y) = probability density function for the
o m elevation of particle deposition;
fx(x), fr () = n-fold convolutions of fy(x) and fr(2),
respectively;
froy, (E\y) = conditional probability density function
for the rest periods given the eleva-
tion at which the particle is
deposited; and
t’ = sum of the first n rest periods.
If a group of identical sediment particles are released
simultaneously at x =0, y=y, and ¢ =0, equation 8
gives the concentration of the particles, which were in-
itially at rest and have moved from their respective in-
itial positions, with respect to longitudinal position, x,
and vertical position, v, as a function of time, ¢.
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In order to apply equation 8, the density functions,
fy,(¥), fry vy, (¢ \y), and fx (x) must be specified. The un-
conditional density function, fr(¢f) is related to
fryy,(t\¥ and fy () by the relation

y
fT(t) = f

min

max (9)
f. (t\y)fy, (ydy,
T\Y, Y,

in which y_ ., and y,;, are the highest and lowest eleva-
tions at which particles can be deposited, respectively.
The marginal case of equation 8 is

—m  t[m  (n+1
fan = ¥ fp J [me - fr o) ]dt

n=1

— (n)
=Y 1l PIN@ =nl, A0)
n=1
in which P{N(#) = n] denotes the probability that a par-
ticle takes n steps in a time interval ¢. Equation 10 is a
general one-dimensional stochastic model where only
longitudinal dispersion is considered. One may note
that the substitution of equations 1 and 2 into equation
10 reduces to equation 4.
Yang (1968) assumed the step lengths are gamma
distributed with a shape parameter, r, and the common
density function,

k ~k.x
5= 1 r-1 1
fX(JL) *T0) (klx) e

(11
and the rest periods are exponentially distributed with
the common density function given in equation 2.
Substituting equations 2 and 11 into equation 10, he ob-
tained

k-t & (klx)"”'l () "
flit) = ke Z: D) Tl -
n=1
x>0 t>0. (12)

Since the gamma distribution reduces to the exponen-
tial distribution when r =1, equation 4 is actually a
special case of equation 12.

Shen and Todorovic (1971) generalized the Hubbell-
Sayre one-dimensional model given in equations 1, 2,
and 4. The essential difference between the two models
is that the former was based on the nonhomogeneous
Poisson processes (Parzen, 1967), while the latter was
based on the homogeneous Poisson processes. In the
Shen-Todorovic model, the probability density func-
tions of the step lengths and the rest periods are,
respectively,

X
-f kl (s)ds
*0
fX(x) =k (x) e , x>0, (13)
and
t
-ft k2 (s)ds
_ 0
fpl) =k, () e ,t>0 (14)
where

k, (%), ky(t) = functions of x and ¢, respectively; and

X, t, = initial position and time, respectively.
The probability density function of the total travel dis-
tance of a particle, which was initially at rest and has
moved from its initial position, x,;, was found to be

x t
- kyrds- [ k,(s)ds
x t

flat) =k (x) e ° 0
(15)
x n-1 t n
- [{0 kl(s)ds] [jto k, (s)ds:i
: ) NCED)) , x>0, t>0.

n=1
It is seen from equations 13 and 14 that the mean num-
ber of steps taken by a particle in (x, x] and (2, f] are

kal (s)dsand _f;:kQ(s) ds,
0

respectively, whereas those of Hubbell-Sayre’s model
are k,(x—x;) and ky(t—ty), respectively. The Hubbell-
Sayre (1964) one-dimensional model is a special case of
the Shen-Todorovic model.

EXPERIMENTAL STUDIES

Hubbell and Sayre (1964) conducted concentration
distribution experiments both in the field and laborato-
ry to evaluate the one-dimensional stochastic model
given by equation 4. The bed configurations in these ex-
periments were large dunes in the field and ripples in
the laboratory flume. Using radioactive tracer parti-
cles, a series of longitudinal concentration-distribution
curves were obtained at different times for a given flow
condition. The longitudinal concentration-distribution
function, ® (x;?), is defined to be the weight of tracer
particles per unit volume of bed material as a function
of longitudinal distance and time and is related to flx; t)
by

w

®(et) = b flast)

Wh (16)

in which W; is the total weight of the tracer particles
placed in the channel, W is the channel width, 4 is



DEVELOPMENT OF THEORY 5

average depth of the zone of bed material movement,
and flx;?) is given by equation 4. Based on equation 16,
the parameters k, and k, were estimated. With these
estimates, Hubbell and Sayre reported that the
theoretical and observed concentration-distribution
functions agree reasonably well.

Yang (1968) carried out a set of experiments using
radioactive tracer particles to verify the model given by
equation 12. Experiments were performed with ripple
and dune bed conditions in a laboratory flume 0.6 m
wide by 18.3 m long. He reported that the shape of the
experimental longitudinal dispersion curves are fairly
well represented by equation 12. Yang also made
preliminary runs with a single plastic particle in a
small flume and found that the step lengths very closely
follow a gamma distribution with the parameter r ap-
proximately equal to 2 and that the rest periods follow
an exponential distribution very closely.

The first intensive experimental study on the move-
ment of single particles was done by Grigg (1969). The
experiments were conducted in a laboratory flume with
two bed material sizes. The bed configurations were rip-
ples and dunes. Using single radioactive tracer parti-
cles, he measured the step lengths and the rest periods
directly and found the step lengths to be approximately
gamma distributed and the rest periods to be approx-
imately exponentially distributed as proposed by Yang.

Grigg found interesting correlations between: (1)
Various properties of the step length distribution, the
stream power (product of mean bed shear stress and
mean flow velocity), and the distribution of bedform
lengths; and (2) various properties of the rest period
distribution and statistical properties derived from the
variation of bed elevation with respect to time.

Based on an idea suggested by Hubbell and Sayre
(1965), Grigg also made some progress toward experi-
mentally testing the Sayre-Conover two-dimensional
stochastic model. By analyzing a record of the bed
elevation as a function of time, he showed that the con-
ditional probability density function of the rest periods
can be approximated by the exponential function,

_k3 (y)t
fT\yD (t\y) = kz(y) e . amn
and

Py (18)

in which « and 8 are constants and y measures bed
elevation in terms of the standard deviation about
mean bed elevation.
REMARKS
Based on the review given in the previous sections,
the following remarks are offered.

1. The Sayre-Conover model given by equation 10 is
the most general one-dimensional model. The rest of
the one-dimensional models, which were previously dis-
cussed, can be obtained from this model by proper
substitutions. Therefore, it may be rated as the best ex-
isting one-dimensional model.

2. The Sayre-Conover model given by equation 8 is
the only existing two-dimensional stochastic model.
The derivation of the Sayre-Conover model has been
discussed by Lee (1973). To verify equation 8, a method
of estimating the probability distribution of the eleva-
tion at which particles are deposited must be known.
One of the purposes of this report is to present such a
method.

3. In order for the stochastic model to serve a predic-
tion purpose, the relation between flow conditions and
the parameters describing the probability distributions
must be known. Without such knowledge the stochastic
models cannot contribute much to the prediction
problem.

4. A great deal of effort is required to perform disper-
sion and single particle experiments. If another method
can be developed to estimate the necessary probability
distributions from more readily accessible data, con-
siderable savings would result. The methods developed
in this report require only records of bed elevation.

DEVELOPMENT OF THEORY

CHARACTERISTICS OF PARTICLE MOVEMENT
OVER A DUNE BED

Dunes are one of the most common bed forms in
alluvial channels. Field observations by Simons and
Richardson (1966) indicated that dunes may form in
any alluvial channel, irrespective of the size of bed
material, if the stream power is sufficiently large to
cause general transport of the bed material without ex-
ceeding a Froude number of unity. The longitudinal
profile of a dune is approximately triangular in shape
with a gentle upstream slope and steep downstream
slope. The upstream slope depends somewhat on flow
conditions, whereas the downstream slope is more de-
pendent on the angle of repose of the bed material. The
length of a dune ranges from about 0.61 m to several
hundred meters, depending on the scale of the flow
system. The Chezy discharge coefficient, C/\/g, ranges
from 8 to 12, and the total bed-material discharge con-
centration ranges from 100 to 1,200 milligrams per liter
for dune flow conditions. For further information
readers may refer to Simons and Richardson (1966).

For dune flow conditions, a record of the bed eleva-
tion as a function of time at a particular location
reveals an alternating sequence of periods during
which either erosion or deposition is occurring. This
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type of record is commonly obtained from the output of
a depth sounder which is at a fixed location and
hereafter will be referred to as the y (¢) record, that is,
the elevation of the bed, y, positive upward, as a func-
tion of time, ¢, at a fixed location, x. When deposition oc-
curs, [dy,(t)/dt]|>0, and when erosion occurs,
[dy, (t/dt] < 0, provided these derivatives exist. An in-
stantaneous longitudinal bed profile may be charac-
terized by an alternating series of erosion and deposi-
tion reaches. An instantaneous longitudinal profile can
be obtained by mounting a depth sounder in a boat, pro-
vided that the speed of the boat is large relative to the
speed of bed forms. These bed profiles will hereafter be
referred to as the y,(x) records, that is, the elevation of
the bed, v, positive upward, as a function of the
longitudinal coordinates, x, at a given time, ¢{. The
longitudinal coordinate will be assumed to increase in
the downstream direction; therefore, the reaches with
positive slopes, [dy,(x)/dx] >0, represent the upstream
or stoss sides of the dunes, and the reaches with nega-
tive slopes, [dy,(x)/dx] <0, represent the downstream or
slip faces of the dunes. The dune crest is defined by a
local maximum in the y,(x) record, and the dune trough
is defined by a local minimum in the record.

Anyone who has an opportunity to observe closely the
movement of sediment is aware that dunes move
downstream owing to erosion from their. upstream face
and deposition on their downstream face. That is, the
bed forms migrate downstream because deposition oc-
curs on the downstream face, where [dy,(x)/dx] <0, and
erosion occurs on the upstream face, where
[dy,(x)/dx] > 0. It will be assumed throughout this report
that no deposition occurs on the upstream sides of
dunes and no erosion occurs on the downstream faces of
dunes. This assumption is not strictly true physically
but is necessary for the determination of the condi-
tional step length distributions. If the assumption is
true, each sediment particle on the stoss side of a dune
must make a step in the downstream direction before it
is deposited on the slip face of any dune. Once deposited
it rests there until the dune has migrated downstream
and it becomes reexposed on the stoss side. In other
words, sediment particles are transported downstream
in an alternating sequence of steps and rests of random
length and duration. The frequencies and magnitudes
of these steps and rests are of basic interest in under-
standing the nature of the movement of the sediments.

Because particles must be eroded from and deposited
on the surface of the bed, the step length of a particular
particle depends only on the elevation from which it is
eroded, the elevation at which it is deposited, the num-
ber of dune crests which it passes before being
deposited, and the scale and shape of the bed surface
(7,(x) record) during the time of its movement. Likewise

the rest period of a particular particle depends on the
scale and shape of the y, (¢) record and on the elevation
at which the particle is deposited. If the bed material
size is not uniform, the elevation of deposition or ero-
sion may also depend on the size of particles because of
vertical sorting.

The intimate relationship between the bed-form
shape, as measured by the y,(?) and y,(x) records, and
the step lengths and rest periods of a bed-material par-
ticle allow the probability distributions of the step
lengths and the rest periods to be estimated from the
bed-form data. In the following three sections, a method
of estimating the probability distributions of the rest
periods, step lengths, and elevations at which a particle
is deposited or eroded using the y,(#) and y,(x) records
will be presented. In the last two sections the bed-
material transport equations and a general two-dimen-
sional bed-material dispersion equation will be derived
as functions of these probability distributions. In the
next chapter the transport equations will be tested
using data from three flume runs and the results will be
discussed.

ESTIMATION OF THE PROBABILITY DISTRIBUTIONS OF
THE ELEVATIONS OF DEPOSITION AND EROSION

The probability that particles are deposited between
the elevations n;and n;,, may be written as

P[nj< YD_<_T]]»+ 1]

number of particles deposited

_lim within the interval (n]., e 1] in time t 19)
t—> oo number of particles deposited ’
over all intervals in time t
where

P[.] = probability;
Y, = random variable describing the elevations at
which particles are deposited;

M,,M,41 = lower and upper class limits associated with
the class mark of the elevation y; respec-
tively; and

t =time during which the observations were
made.
The elevation at which particles are deposited will
hereafter simply be referred to as the elevation of
deposition, Y.

If the number of particles per unit volume of the bed,
), is constant, the flow is stationary (statistical sense),
and both erosion and deposition cannot accur at the
same point at the same time, the numerator and the
denominator of equation 19 can be obtained from the
¥,(t) record. The total number of particles deposited per
unit area within the class interval (n; n;,,] in time ¢,
denoted by N,(y) is given by
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"
+
) =0 Ci=1,2, ..., , 20
Nd(yl) DkElAyJ'k; 1 n (20)

where
y; = class mark for the realization of Yp;
n = number of class intervals for the realization of
Yp;

Ay, = vertical rise of the bed in the class interval
associated with y; for the kth deposition
period; and

m; = maximum number of bed forms contained in
the y,(f) record and which also contain some
deposition in the class interval associated
with y; .

Figure 1 illustrates the class marks, y;, and the verti-
cal rise of the bed, Ay;, within the class intervals,
Ay;, for a typical y.(#) record. It is clear that
Ay# < Ay;=mj,; —m;. The total number of particles
per unit area deposited over all intervals, the
denominator of equation 19, is designated by Njand is
obtained by summing equation 20 over all class
marks:

m.
n n j
_ _ +
N, = ENd(y].)—QZ Eij,k. 21)
i=1 i=1 k=1

Equation 19 now becomes

y, (1)

N . (v.)

_ lim d“j
P[“j<YD§”j+1]'mj—>oo N

. (22)

n
+
YR B
j=1 k=1
Similarly an analysis of the erosion periods can be used
to estimate the probability that particles are eroded
between the elevations n;and 7.,
lim Ne (v i)
m.,»> o N
1 e

Pln<Yp<my, 1=

m'.

i
z AYi k

_ lim k=1
—m'i—> o

(23)

" T [
n

nm,
1
: EAyi,k

i=1 k=1

where
Y, = random variable describing the elevations at
which particles are eroded;
y; = class mark for the realization of Yj;
M;,Mi.; =lower and upper class limits of y;, respec-
tively;

+ -
Bikez i xs2 m
== = —-Thy

ot

Typical erosion
period |

Typical deposition
perio

Ficure 1. — Typical y,(¢#) record illustrating the class marks for deposition and erosion.
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m! = maximum number of bed forms contained in
the y.(¢) record and which also contain
some erosion in the class interval associ-
ated with y; ;

N,(y) =total number of particles per unit area
eroded from the interval (n;, nijt+1] cen-
tered at y; ;

N, =total number of particles per unit area
eroded over all intervals;

n = number of class intervals for Y;; and
Ay, = amount of erosion which occurred during the
kth erasion period in the vertical class in-
terval associated with y; (fig. 1).

In the limit as m;and m; approach infinity for a station-
ary record, the distributions of P[n; < Y, < 7;,,] and
Pn; < Yz=1,,,] must be identical. The elevation at
which particles are eroded will hereafter simply be
referred to as the elevation of erosion, Y.

To repeat, the following assumptions are necessary
for equations 22 and 23 to be valid: (1) Flow is in
equilibrium such that both deposition and erosion proc-
esses are stationary with respect to time ¢; (2) both ero-
sion and deposition do not occur at the same point dur-
ing the same time period; and (3) the number of parti-
cles per unit volume of the bed is constant.

If the measuring equipment were sensitive enough
to detect the movement of single particles, the second
assumption would not be necessary because it would
be physically impossible for one particle to be eroded
and another to be deposited at the same point and at
the same time. For y.(#) records obtained from less
sensitive equipment, of course, the assumption may
not be strictly true. When the bed material is not
uniform in size, equations 20 through 23 are not
strictly true because the number of particles per unit
volume of the bed, (), is a function of elevation due to
a vertical sorting. However, equations 22 and 23
should serve as first approximations to the true prob-
abilities, P[n; < Yp,<m,,,] and Pln; < Yp<m,4],
even for the nonuniform bed material.

If the number of particles per unit volume were
known as a function of elevation, y, assumption (3)
could be dropped. In this case, the counterpart of equa-
tion 22 is

P[n].<YD§n ]

i+l

m,
j
+
o ¥ ay
1i ! 1y]'k
_ lim =
T m, > e m, . (24)
n j
Lo L o
j Vi k
i=1 k=1

in which ) ;is the number of particles per unit volume
of the bed associated with y;. The counterpart of equa-
tion 23 would be similar. The value of ();could be ob-
tained from core-sample segments taken from
different elevations within the bed. In the next sec-
tion, ) will be assumed to be a constant in estimation
of Pln; < Yp<m;;,] and P[n; < Yz =< ;). Because
the bed material was very uniform in size, however,
the assumption should have been very good.

Equations 22 and 23 are estimated by use of the
sample probability mass functions which are defined
to be

N, (y.)

=_4d°J
pYD (y]-) N

= P[T]j <Y< "+ 1] for a large m (25)

- P[ni <Yp<n;, 1] for alarge m; ., (26)

in which Py (y,) is used to estimate equation 22 and
Py (y;) is used to estimate equation 23. Estimates of
the mean and variance of the elevation of deposition
are respectively

n =
Elvpl= ) ypy )
j=1

and 2D

2

n n
~ _ 2 ~
Var[yp] = Z YiPy,, ;) E YiPy, ;)
j =1 ] =1 )

in which E‘\[-] and Var [-] denote estimates of the ex-
pected value and variance, respectively. Replacing the
D’s with E’s and the j’s'with i’s in equation 27 gives the
estimates for the mean and variance of the elevation of
erosion,

The probability density functions for the elevations
of deposition and erosion [fy,(y) and fy(y)] may be
inferred from the probability mass functions [py (¥;)
and py.(y,)] by means of a statistical fitting pro-
cedure. This will be discussed later.

ESTIMATION OF THE PROBABILITY DISTRIBUTIONS
OF THE REST PERIODS

In this study the rest period of a particle is defined
as the time lapse between the burial and reexposure of
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the particle. This definition is consistent with the
assumption that erosion and deposition do not occur at
the same point during the same time period, and it is
also necessary in analyzing single particle measure-
ments because the measurement techniques cannot
detect momentary rests by the particle. Using the
burial definition, the y,(#) record provides a means of
estimating the probability density functions of particle
rest periods conditioned on the elevations of deposi-
tion. The method is illustrated schematically in figure
2, where the statistic {£;,;/=1,2,..,n k=1,2,..,,
m; ; jmeasures the conditional rest period, the index %
signifies a particular bed form. The term m;; desig-
nates the maximum number of bed forms which are
contained in the y,(¢) record and which also contain
both an up-crossing and a down-crossing at the eleva-
tion y;,. This use of the y,(?) record was first suggested
by Hubbell and Sayre (1965) and was partly evaluated
by Grigg (1969).

A relative frequency analysis of the statistic {¢;,}
leads to a sample conditional probability mass function

t, ,¥; = class marks for Tand Yy, respectively;
T »Tasq = lower and upper class limits of ¢, , respec-
tively; and
r = number of class intervals for T.

Equation 25 can be used to release the condition on
equation 28 and to obtain the marginal sample prob-
ability mass function for the rest periods,

n
prity) =Pl <T<t  1=Y" Priy, 4Py, 9):
=1

a=1,2, ..., r (29)

From equations 28 and 29 the corresponding prob-
ability density functions for the conditional rest
periods, fr\y,(t\y), and for the marginal rest periods,
fr (9, may be approximated by means of a statistical fit-
ting procedure.

The mean and variance of the conditional rest
periods are estimated from the sample moments

m. .
of the rest periods which is defined to be . L )
) . EIT\Yp =yl = 7— TR
pT\YD“a\yj)‘P[Ia<T§‘a+1\“j<YD§”j+1] ‘ . N el
an Ao
i=1,2, ..., ma=1,2, ..., r , (28 VarlT\Y} = y,] > (30)
m m. . 2
J.J I/
where _ 1 w0 2- | L ¢
T=random variable describing the rest T om,; j. k m. . : ik
. 7] k=1 1.1 k=1
periods; )
yx(t)
A
y | T T T T T TN T T T Ty 77n+1
R B R Mt T)n
TIME OF BURIAL IME OF RE-EXPOSURE
AND MOVEMENT
) ;) Stk snimbohuh, N ———————— g S o b ————— +1
=S s — 7l
—————————— [ Qi R P RIS, N e o - ——— ———— ———————— —— — —— — ——— ———————— - —————/——nz
NET—— .~ g g S )
tik ik
o—1 —t

FiGurEe 2. — Typical y,(¢) record illustrating the conditional rest periodsof a particle.
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Estimates of the mean and variance of the marginal
rest periods are respectively

ZE[T\Y y]py ;)
j=1
and ¢ (31)
varlT) = E(T%] - (T2, )
in which
A 2 _
1% = E ET\v, = ylpy o)
j=1
m. .
1 i )
. t. )V'p, W)
— k' Py

The joint probability density function of 7 and Y},
denoted by fTY (t,y) is estimated from the sample joint
probability mass function defined to be

pT,YD(ta’yj)= Plt, <T<t, .. N <Yp Sﬂj .11 32

wherej=1,2,..,nanda=1,2,...,r. From equations
25 and 28, Py YD(t,,, ¥;) is completely determined such
that

(33)

pT, YD (t(‘l' y]) = PT\ YD (ta\y]) pyD (y])

Finally the correlation coefficient between T'and Y, is
estimated to be

) E[TY,] - EITIE(Y))
Pry = = = . (34)
YD WarlT] \/\/ar[YD]
in which
ElTYp) Z Zt YiPr,y Y

a=1j=1

E[YD] and Var [Yp] are given in equation 27, and E(T)
and Var [T] are given in equation 31. The joint dis-
tribution expresses the relation between the rest period
and the elevation of deposition and the correlation
coefficient measures a degree of linear association be-
tween the rest period and the elevation of deposition.

If the shape of the y,(¢) record is dependent on the
flow conditions and bed-material properties, then the
rest period statistics as determined by equations 28
through 34 are also functions of flow conditions and
bed-material properties.

In summary, the probability distribution for the
marginal rest period of a sediment particle, the rest

period conditioned on the elevation of deposition, and
the elevation of particle deposition and erosion can all
be obtained from a continuous record of the bed eleva-
tion at a single point as a function of time. The only
assumptions that are needed are: (1) Both erosion and
deposition do not occur at the same point at the same
time; (2) bed elevation is stationary (in the statistical
sense); and (3) the number of particles per unit
volume of the bed is constant. These assumptions are
not severely restrictive, and the results are equally ap-
plicable to both field and laboratory analysis.

ESTIMATION OF THE PROBABILITY DISTRIBUTIONS
OF THE STEP LENGTHS

The y,(¢) record contained the information necessary
to estimate the probability distributions of the rest
periods. Both the y (¢) and the y,(x) records are neces-
sary to determine the step length statistics. Unfor-
tunately, more assumptions are also necessary and
these assumptions may be considerably more restric-
tive than the ones made up to this time.

As previously mentioned, it will be assumed that each
sediment particle on the stoss side of a dune makes a
step in the downstream direction before it is deposited
on the slip face of any dune. Once deposited it rests
there until it is reexposed on the stoss side. Let E; ; ,be
the event that a particle, eroded from elevation, y;, of
the stoss side of a dune, passes v dune crests before it is
deposited at elevation, y;. Then the statistic {x;;,;;
ij=1,2..,nv=012..;k=12..,m,) (fig 3)is
the measure of the conditional step length of the event,
E;;,. The term m,;, represents the total number of
possibilities of the event E, ;, contained in the y,(x)
record and the index % specifies a particular possibility.
In general, the term m; ; , will be different for each com-
bination of values i, j, and v.

A frequency analysis of the statistic {x,;,,} gives a
sample conditional probability mass function which is
defined to be

\V..¥.,V
Pxvyp vy E e dyY)
PGS X < A, (<Y <ny g < Yp < E L
B=1’2' , S; l,j,=1 2[ ln,'\):l, ,(35)
where

X=random variable describing the step
lengths;
xz = class mark for the realizations of X;
= lower and upper class limits of x; , respec-
tively;
s = number of class intervals for the realiza-
tions of X; and

)\ﬁ ’ )‘B+1



DEVELOPMENT OF THEORY 11

y,(x)
X1,i,2,k
iydlyK Xiyiyl k41
e
W
Y
| S—
Xi,j,2,k41
Xiyi,3,K
Xiy1,9,K
0 A X
FIGURE 3. — Statistic, {x; ok ,j=1,2,..,mv=1,2..,k=12,.., m; o) for the step length of a particle.
E, = event that a particle passes v dune crests | in which
before it is deposited (fig. 3). L.
The corresponding probability density function, 1 2 _pixly = =
. . E (xi,j,v,k) =E[X Y=y vy Y EV].
fx\vg, vp.£,(x\Y', 3,0), LV k=1

may be determined from

Px\vg,vp.E,(%s\Yi, ¥, V),
and its mean and variance are estimated to be

i )
ELXO\YE =y Y =y E ] Exl]vk
=N Voo
and
Var [X\YE='yl., YD:yj'Ev] Y (36)
MV M,y 2
L s Lo
11V= l]\lk ml.],Vk=111Vk

If Yz, Yp, and E,are mutually independent (it seems
to be reasonable that after a particle passes the crest of
a dune it has probably lost track of where it came from),
the density function [fx\y, g (x\y,v)] of the step
lengths given that a particle is deposited at elevation y
after passing v dune crests is estimated from the sam-
ple conditional mass function which is given by

pX\YD'EV(DCB\y]-,V)
=P[7\,'3<XS7\.G+1\T]]-<YD§T]].+1, Ev]

E X\Y Y E (xp\y Vi V)PYE(y.) (37)
i=1

in which py(y)is given by equation 26. The mean and
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variance of the step lengths of a particle which is
deposited at y; after passing v dune crests are estimated
to be

EDX\Y) =y, E ]
n

= ) Elwvg =y, Yp=ypE ey ).
i=1

~N

and > (38)

Var [X\YD = yj’Ev]

_ Ay _ _ a4 _ 2
=E[X \YD—yj,Ev] (B[X\YD—yj,Ev]) ,

in which

Aro2 _
EXA\Y, =y, E ]

n
A 2 _ _
= E ElX \YE =y Yp= yj,Ev]pYE(yi)
i=1
Likewise, the following sample probability mass func-

tions and corresponding means and variances are ob-
tained;

Py\ Y, (xp\y}.) 3
]

=Pl <X<g \n<Yp<ni,

p

oo

- L Px\vp.E 5\ VIPIE]

v=1
(-

EX\Yp=yl= ) ED0Y, =y, E IPIE]
v=1

»(39)

Var vy =yl
=| Y ExAy, - ¥ B IPIE |- EIX\Y)) = y}.])z ;
v=l1 /

W

pX\EV(xﬁ\v) =Plag <X <hg, \E]

n
E EX\v, =yj'Ev]pY
j=1

EIE,] S0P Yo

Var [X\Ev]

n
R I @ 2
=1} Eix Yp =y E ey |- El0ED
j=1

/

and
pX(xﬁ) =P[)\B<XSKB+1] 3

= : px\‘E (xB\V)P[EV]

v=1 v
Ex1= ) EDAE IPIE ] > (41)
v=1
varxl =| ) BB IPIE |- ElxD?.
v=1 J

The density functions, fx\ y,(x\), fx\g,(*\v), and fx(x)
are estimated from equation sets 39, 40, and 41, respec-
tively.

The joint probability density function of X and Y,
conditioned on the event E,, [fx,y,\g,(x, y\v)] can be
estimated from a sample joint probability mass func-
tion,

PX,Y\E, (xg ¥;\V)

=PIy <X <hg,pmy<Yp <y +1\E,] 42)

B

and

Px, v \E, X\ V) = Pxyp B B\ Py B O\ Y)
= px\YD'Ev (xp\yj, V)PYD (y]) . (43)

Note that py,\g, O;\v) =py (%) because Ypand E,
were assumed to be independent. The correlation coeffi-
cient of Xand Yp, conditioned on the event E_, is then
estimated to be

) EIXY\E ] - E[X\E JE[Y ]
Px,Y \E ~ ‘
b™v s/Var [X\Ev] War [YD]

(44)

in which

E[XYD\EV]

8 n
= E xﬁ{zyipX\YD'Ev (xp\yj,v)pYD (yj)} . and

p=1 \j=1

B(Y,), Var [Yp], BIX\E,), and Var (X\E,] are given
by equation sets 27 and 40. Similarly, the joint prob-
ability density function of Xand Yp, [fx v (%, )] and the
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corresponding correlation coefficient, p Xy, are esti-
mated to be

p (xn,y,) = (x\y.)py (¥.) 45)
XY, BV Px\y g Py Vi
and
E[XY,] - EIXIE[Y,]
p = D b (46)
X¥p  Warixl Warlyp]
in which
S n
E[XYD] - lex[; zlyij\YD (xB\yj)pYD (yj)} )
= 1=

The joint distributions (eqs. 43 and 45) express the rela-
tion between the step length and the elevation of
deposition, and the correlation coefficients (eqs. 44 and
46) measure the degree of linear association between
the step length and the elevation of deposition.

The American Society of Civil Engineers (Task Com-
mittee on Preparation of Sedimentation Manual, 1962)
defines bedload as that material moving on or near the
bed. Accepting this general definition, it would appear
consistent to count any sediment particle which was
able to skip across a dune trough as suspended load,
since it would be extremely unlikely that a particle
would be able to pass the trough while moving on or
near the bed. A very precise, and admittedly restrictive,
definition of bedload is used for the purpose of this
report. For the purposes of this report, bed load is
defined as that part of bed material which is deposited
on the downstream face of the dune from which it is
eroded. Then the suspended load must be that material
which is not deposited on the downstream face of the
dune from which it is eroded, that is, all sediment parti-
cles which pass two or more dune crests before being
deposited. The same particle could be counted as
bedload during one step but as suspended load during
the next step. By definition then, it follows that
P[E,] = probability that a particle is transported as the
bedload; and

1-P[E]= 2 PIE] =
v=2

probability that a particle is transported as the sus-
pended load during any step. The probability distribu-
tions and moments for the step lengths of a bed-load
particle may be obtained by putting v =1 in the sets of
equations 35 through 40 and 42 through 48.

For a bed material composed of coarse sand it seems
reasonable to assume that all particles are transported
as bed load, that is, all particles eroded from the stoss
side of a dune will be deposited on the downstream side

of the same dune; and therefore, P[E] =1, and
P[E,] =0 for v= 2. For this case, a frequency analysis
of the statistic {x;;,,; .Jj=1, 2, .., n; k=1, 2, ..,
m;;,; v=1} gives a sample conditional probability
mass function which is defined to be

p (x,\Y,.¥.)
X\Yp. Y, B iy
=P <X<hg g\ <Yp<ng, oM <¥p<ng ol

p=1,2, ..., s 7

i,j=1,2, ..., n .
The corresponding probability density function,
fx\yg vp @\y',y), may b.e approxin‘lat‘ed from
Px\vg,vp(%s\y;,y;). Denoting the statistic {x;;,,;
Lj=1,2,..,k=1,2,..,m;;,;v=1] simply as |x; ;,;
j=1,2..,n k=12 .., m (fig. 3), the corres-
ponding mean and variances are estimated to be

m. .
) ] N
EIN\Yg =y, Yp=yl= 5= i,k
i,] - !
k=1
and
var [X\Yp =y, Y=y > (48)
M, "] 2
1 2 [ 1 :
o : ;1) o %,k
L] k=1 L] k=1 J

The term m, ; represents the total number of bed forms
in the sample for which the upstream side intersects
the elevation y; and the downstream side intersects the
elevation y;. In general, the term m,; will be different
for each combination of values of i and j (fig. 3).

Based on the statistic {x; ;,} and assuming that Yy
and Ypare mutually independent, the probability den-
sity functions, fy\ RCA ¥, fx(x), and fy YD(x, y) as well
as the corresponding moments are estimated by setting
P[E,] = 1in equation sets 37, 38, 39, 40, 42, and 44.

Since the bed-form shape and rate of movement are
dependent on the flow condition and bed material prop-
erties, it should be clear that equations 35 through 48
are also functions of the flow condition and bed
material properties. The statistic {x; ; ,} will be analyzed
later to estimate the various probability distributions of
the step lengths for a coarse sand for three different
flow conditions.

Summarizing this section, the step length distribu-
tions can be estimated by combining the information
contained in the y,(# and y,(x) records. Additional
assumptions are required however. These are: (1) No
deposition occurs on the upstream sides of dunes, and
no erosion occurs on the downstream faces of dunes;
and (2) the elevation of particle erosion, Yz, the eleva-
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tion of particle deposition, Y}, and the event that a par-
ticle passes v dune crests before it is deposited, E,, are
mutually independent. The first assumption may not be
strictly true especially, due to flow separation, in the
neighborhood of dune trough where both deposition and
erosion may occur at the same point. For dune flow con-
ditions, however, laboratory observation shows that
such an area is small enough that the results should be
applicable without an appreciable error. The second
assumption seems to be reasonable because as a sedi-
ment particle passes a dune crest it likely loses the
memory of where it came from. Estimation of P[E,]
would not appear to be a simple task. However, for a bed
material composed of coarse sand, the assumption that
all particles which are eroded from the stoss side of a
dune will be deposited on the downstream side of the
same dune seems to be reasonable.

BED-MATERIAL TRANSPORT EQUATIONS

The mean transport speed of a bed material particle,
Vr, is estimated to be

vV = Total distance traveled by a particle after m steps

T Total time required for a particle to make m steps

mE[X] _ E[X]
mé[T]

E[T]

n
E[X\Y_ =y. )
);l DYy =ylpy )
= ]— for a large m
EE[T\Y -y]pY v))
j=1

(49)

in which /VT denotes an estimate of the mean transport
speed, Vp,

£ - ffﬁ

:1 i=

m. .
1],V

L

k=1

*ijv.k
1] v

pYE (v;) pYD (y]-) P[E, ]

and
) no| o, T
T = _—
BT = ) lme L G| Py 9
j: ]’] k = D

In equation 49, the duration of particle movement is
assumed to be negligible compared to the rest period.
This assumption will be used throughout this section.

The mean transport speed could also be estimated to
be
n A -
_ E(X\Yp, =y

n (50)
j=1 EITM\Yp= y;l

pyD (¥;)

where /1\771 also estimates the mean transport speed of
a bed materlal particle. In general it can be shown
that ¥ # V and the results of this study will indicate
that . Now the question is: Which one will
give the better estimate of the mean bed material
transport rate? The difference between the two equa-
tions is the manner in which the events are averaged
or weighted. So, in order to answer the question, one
must depend upon physical arguments and reasoning.
In equation 50, the average speed of a particle at each
elevation is weighted by the number of particles with
this speed. Equation 50 gives the best estimate of the
arithmetic mean of individual particle speeds. On the
other hand, equation 49 computes the estimate of the
mean particle speed as the total distance traveled by a
number of particles divided by the amount of time re-
quired to transport the same number of particles. In
other words, the center of mass of a group of particles
is translated through a distance,

n
> RIX\ Y=y py, 3
Jj=1
Py
Equation 49 will be used in this section because it is
based on a mass flux concept and it gives an unbiased
estimate of the mean sediment transport rate. The
mean particle speed given by equation 50 will be useful
in the study of bed material dispersion because it is
based on individual particle speeds.

Defining the bed load and suspended load as given in

the previous section, the mean transport speed of a bed-
load particle, Vj, is estimated to be

in time,
E[T\Yp =y pyD(yJ)

) é[x\Ell
vo-— L G
B g1
where i\/Bis an estimate of V3 and
ElX\E)] = E E o xmxk
j=1i=1 I =1
(v.)

pv (¥))p
YE i YD j

Similarly, the mean transport speed of a suspended load
particle, Vg, is estimated to be
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E EAI[X\EV]P[E\,]

Vo= Av—Z _v=2 _ . (52)

B(T] E PIE,]
v=2

where
V5 = estimate of V;

U2 E, = union of event, E,, for v = 2.
b=

EIX\E,]is given in equation 40. Note that

\
p E PIE,] =
v = l v=1
and
o > (53)
N E X\E ]P(E ]
- E P(E ]
v=2 p
Using equations 49, 51, 52, and 53,
. [X\E ]1P[E ]
. EIX\E|] ; BT
VT= — P[E ]+ -
E[T] E[T]
= VgPIE ] + V Z P(E ]
v=2
= VgPIE|] +\?S(1 - PE))) (54)

If all bed material particles have identical transport
characteristics, which is reasonable for uniformly sized
bed material, the mean total bed material discharge is
obtained by use of the continuity concept,

éT=ys(1 - 0)WhV (55)

T °

where
Q7= estimate of the mean total bed material dis-
charge in weight per unit time;
v . = specific weight of the bed material;
© = porosity of the bed;
W = width of the channel;
h = average depth of the zone in 1 which bed material
movement occurs; and VTlS given in equa-
tion 49.

Similarly, estimates of the mean bed-load discharge
and suspended load discharge are, respectively,

Qg = ys(l - e)WhVBP[Ell , (56)

and

Qg =7v,(1-8)WhV (1-P[E] (57)
where QB and ﬁsare given in equations 51 and 52,
respectively. From equations 54 through 57,

07 =05+ Qs - (58)

Although equations 55, 56, and 57 have the form of a
continuity equation, the concept of continuity applies
only in a statistical sense, because particles move only
when they are exposed on the stoss side of a dune or
when they are in suspension. Hubbell and Sayre (1964)
proposed that the average depth of the zone of bed
material movement, A, be estimated from the y,(x)
record. For this method, the length of the reach for
which A is to be determined is divided into sections.
Starting from the upstream end, each section of length
£ extends from the dune trough at which the section
begins to the first trough downstream that is deeper
relative to a line parallel to the plane of the mean bed
surface. After sectioning, a mean depth of sand above
the projected line for each section, 4;is determined, and
the & for the total reach, L,, is computed as the
weighted average of the A;’s for each section. Expressed
mathematically,

=1+ ZQh (59)

i=1

The reasoning behind the procedure is based upon the
assumption that although the individual dunes may
change shape as they progress downstream, a statisti-
cal constancy of form exists over a long reach. Hence,
quantitatively the particles subject to movement are
those that would move if the entire profile were to
progress downstream without changing form, and the
depth of bed material movement is defined by lines that
are parallel to the mean bed surface and extend
downstream from the deepest trough.

If all bed material particles are assumed to be
transported as the bedload,

éT =Qp=v,0-0)WhV , (60)
where /I\/B is determined from equation 51. For coarse
sand P[E] is expected to be very close to unity because
the suspended load is negligible compared to the bed
load. For a fine sand for which P[E,] #1, equation 60
would give only an approximation to the total load.
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Equations 55, 56, and 57 can be used with measured
¥.(t) and y,(x) records to compute the various transport
rates. However, in order to apply the equations to the
prediction of the bed material transport rate where the
%(t) and y,(x) records are not available, the relations,
E\X\Yg=y, Yp=1y,E),

E[T\ Y, =yl, PIE), py (yj) Py,(¥), and h, to perti-
nent hydraulic and sediment parameters must be
established.

The mean transport speed of bed material particles
deposited at elevation y;, which is denoted by Vi{(;),
(more precisely, deposited between the elevations m;
and 7, , centered at y;) may be estimated

E[X\Y_, =vy.
Vo) = __A[\_D”Jl , 61)
EIT\ YD = y]]

where QT () estimates V. (j),

‘T L+

=1 i=

m

i.j,v

Z X iov.k| Py OPPIES .
i,j.v k=1 E

and

E[T\Y, = yj] =

m. .
L
m. . Z tj,k )
I =

Based on equation 61, another transport equation can
be developed as follows. Let §; denote the percentage of
volume between elevations 7m; and 7;,, occupied by

y,(x)
)

dunes over a given reach; then, ; can be estimated
from the y,(x) record (fig. 4),

5ok Do

where L, is the total length of y,(x) record, and A;, is
defined in figure 4. Applying equations 61 and 62, the
mean total bed material discharge can be expressed as

(62)

n
Q=1 -0w ) ViGayg,
j:

nooa
E[xX\Y, =y.]
=y(1—e)wE—————l—A D Ay & , (63)
iz1 E[T\Y}, = y].]
wherg\
Q7 = estimate of mean total bed material dis-
charge; and
Ay; = nonstandardized class width associated with
elevation y,(Ay; =7, — ).

Equation 63 takes into account the local variation of
the depth of the zone of bed material movement with
respect to the elevation of deposition, and demonstrates
to what extent each elevation contributes to the total
transport rate. Similarly, the mean transport speed of a
bed-load particle deposited at elevation y;, which is
denoted by Vg(j), can be estimated from equation 61 by
considering P[E;] =1 and P[E)] =0 for v=2. It can
be shown, of course, that equations 54, 56, and 57 also
apply at each elevation jas well as to depth-averaged
values.

o+——sx

» FLOW
Mt Moo N3 Na N Ne, MNa Ne Ne
e R e e =~ —— oMU
BYi=M~ "
Lx

. . . 1
FIGURE 4. — Method for estimating the percentage of volume occupied by dunes between elevations 7 jandn;, ;€= L S A
X

k
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The third method to compute the mean total bed
material discharge is based on the following reasoning:

Number of particles Weight
QT = deposited per X per

unit time and area particle

Mean distance Width
x | traveled by |x of (64)
a particle channel

where Qris the mean total bed material discharge in
weight per unit time. Restricting the attention to eleva-
tion y;, the terms in equation 64 are estimated as
follows:

7
l:Number of particles deposited per]

unit time and area at yj
m,
] +
Q. Ay.
Py Ak
- k=1
L

t

’

> (65)
Weight per particle
at yj

Mean distance traveled by a particle
which is deposited at elevation yj.

=B\ =yl L)

where L, is the total length of y,(¢) record, and all other
symbols have been defined previously. Summing the
product of the terms in equation 65 over all elevations,

m.
.o a-ew L, I,
wo _S =
o= p— ) {Eyp=y1 ¥ Ay, | ¢ (66)
j=1 k=1

where

¢ = estimate of mean total bed-material discharge;

and

W = width of channel.

Equation 66 also illustrates the contribution of each
elevation to the total transport, but its primary distinc-
tion is that the transport rate is computed from the
sounding records with a minimum number of computa-
tions.

The relationship between the three transport equa-
tions, 55, 63, and 66, will now be demonstrated. First,
the comparison of equations 55 and 66 is demonstrated.
Combining equations 22, 25, and 66,

n
L T l-ew , Ng
Qr = —"77——‘ E {E[X‘YDzyj]pYD(yj)W}
=1
T U - B)WN,
= E[x] . (67)

t

Multiplying and dividing by the marginal rest period
and utilizing equations 20, 21, 25, 30, and 31,

o - Yo - OWN 4 1y
n L 0 < .
: me Z t],k -ﬁ; E Ay],k L. ,(68)
=1\ k=1 k=1

As the value of Ay decreases the value of the last
term can be approximated without appreciable error, as

m,
J

+

Ay, 2 m.Ay.
Z Yiok T MY
k=1

(69)

Strictly speaking m;Ay; is equal to or slightly greater

than the term
m.

+
2 oo

(fig. 1). Assuming a long record with small vertical
class intervals such that equation 69 is valid and such
that m; = m;, equation 68 reduces to

ﬁ[X] n Ay . mf

An = _ ]

Qp=rgu-ow= Y = Y (T0)
E[T] i1t 1

which would be equivalent to equation 55 provided that

the average depth of the zone in which bed-material
movement occurs, /' is defined by
m,
n ]

(71)

Equation 71, is similar to equation 59 except that it is
based on the time record of depth, y,(¢), while equation
59 is based on the longitudinal profile, y,(x).

To investigate the relation between equations 63 and
66, we proceed as follows. The last term of equation 66
can be approximated without an appreciable error, as
m; Ay;using equation 69. Replacing the last term by its
approximate value, and multiplying equation 66 by the
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right-hand side of equation 30 while dividing by the
left-hand side,

Qu=y (1-0)W
n (2 "ji
E[IX\Y,=y.] m, Ay,
IR e R A
i1 E[T\YD=yj] JJ tl =1

The number of bed forms contained in the y,(#) record
and which also contains some deposition in the class in-
terval, m;, should be almost equal to the total number of
bed forms with both an upcrossing and a downecrossing
in the interval, m;. Assuming m; = m;;, equation 72 is
identical to equation 63 except that the percentage of
the volume in the class interval occupied by dunes is
computed from the y,(¢) record instead of from equation
62 which is based on the y,(x) record.

In summary, three transport equations have been
presented, equations 55, 63, and 66. Although the equa-
tions appear quite different in form, they are all based
on similar assumptions. As the record length becomes
long and the class intervals reduce to zero in the limit,
the three equations would become identical provided
that either the y,(¢) record or the y,(x) record could be
used to determine the active depth. (This should be true
for equilibrium flow.) In the following section, the total
load will be computed for three flow conditions using all
three equations, and the results will be compared.

GENERAL TWO-DIMENSIONAL STOCHASTIC MODEL
FOR DISPERSION OF
BED-MATERIAL SEDIMENT PARTICLES

Let us define the following stochastic processes:
N(@)

X =3 X, =longitudinal position of a bed-
i=0 material sediment particle at
time ¢ in which X (0) = X, = 0.

N() = counting process describing number of steps
taken by a bed-material sediment particle
in time ¢.

X, = length of ith step of a bed-material sediment
particle.

X(n) = 2 X; =longitudinal position of a bed-
=1 material sediment particle after

n steps.

Y (&) = vertical position of a bed-material sediment
particle at time ¢.
Yp(n) = elevation at which a bed-material sediment
particle is deposited after n steps.

The probability that the particle has, at time ¢, traveled
a distance equal to or less than x and that it is located at
an elevation equal to or less than y may now be ex-
pressed as the joint distribution function

F(x,y;t) =P[X(t) <x, Y(t) <y]

zp[x <x, Y() <y, N(t) =n] .(73)
n=20

Using the definition of conditional probability and

assuming that the duration of the particle movement is

negligible, equation 73 can be restated as

Y PIXm) <x Y <y N@ =nl

n=20

F(x,y;t) =

o0

Y PiXm <x N@ =niypm) <yIPIY, () <)
n=0

f}\)
ymin

) PIX(m) <x Nt
n=0

=n\Y,(n) = y']fYD (n) (y") dy' (74)
where
Ymin = lowest elevation of deposition; and
fYDm)(y) = probability density function of Yp(n).

The event, {N(f) = n }, can be expressed in terms of the
rest period of a bed-material sediment particle

(N@) =n} ={T(n) <t YT +1) >t} (75)

where
{+} = events;

ﬂ = intersection of events;

T(n) = En, T;; and

i=1
T, =random variable describing the duration of
ith rest period of a bed-material sediment
particle.

By virtue of equation 75, it follows that

P[N(t) =n] =P[T(n) <t, T(n+1) >1t]

=PIT(m) <t, T ,>t-Tm] .(76)

For further simplification of equation 74, the follow-
ing assumptions are made: (1) X(n) and N(¢) are
mutually independent for every n. (2) X;for i=1 are
independently and identically distributed according to
the probability density function fx(x), where
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0 < x < oo. Outside this range, fx(x) = 0. (3) X;is inde-
pendent of Yy (j) fori #;.(4) Yp(?) for i = 1 are indepen-
dently and identically distributed according to the prob-
ability density function fy (y), where Yy < ¥ < Yoy
Outside this range, fY (y) =0.(5) T;for i = 1 are inde-
pendently and 1dent1cally distributed according to the
probability density function f;(f), where 0 =< t¢ < oo.
Outside this range, f7(¢) =0. (6) T,is independent of
Yp(j — 1 for i #j. In other words, assumption 1 states
that the total distance X(n) traveled by a sediment par-
ticle after n steps should not depend on which time in-
terval within [0,#] that these n steps occurred. The step
lengths are always positive so that the particle always
moves in downstream direction (part of assumption 2).
Each step length depends on the elevation at which the
particle is deposited at the end of that step (assumption
3). The elevation at which the particle is deposited at
the end of any step does not depend on the elevation at
which it was deposited at the end of any previous step
(assumption 4). Finally, the duration of each rest period
depends on the elevation at which the particle was
deposited at the end of the previous step (assumption
5).
Utilizing assumption 1, equation 74 becomes
y

Fx,y: 1) =I Z (PIX(0) <x\Y(n) = y']

ymin n=0

- P[N(t) = n\Y(n) = y']fYD (n) (y') Ydy'

Yy
=f PIX(0) <x\Y[(0) = y']

Ymin

PINGW = 0V, (0) =¥y (g) )4y
f z (PIX () <x\Yp(n) =y']

n=1
Ymin

- P[N(t) = n\Y (n) 77)

=y'lf (y') }dy'
Y, (n

Under assumptions 2, 3, and 4, and using the concepts

of joint and conditional probability,

P[X(n) <x\Yp(n) = y'l

=P[X(n-1) + Xn S_x\YD(n) = y']

= f _ (xl\yl)dxl
JO‘ X(n-1) +Xn\YD(n)

X
- a ] fxin- 1, x v (m &% 5D dE
0 0 "

and using assumptions 3 and 4,
P[X(n) < x\Y,(r) =y']

X x!
[ ax g @hgy - B
D
0 0
x x' (n - 1)
=I dx‘f fx(g) vy (x' - L\y")dg (78)
Mp
0 0
in which
n-1
X(n-1) = : X; o Xg=0,
i=0
(n-1)
Ixtn-1® = 1x®
S (n-2)
=ffx(9) fy(£-0)de ; n=3,4,5, ...
0
and
n
f(€) =fy) ; n=2 (79)
In equations 78 and 79, fy, 1 x\yym@x —{\Y)

denotes the joint probability density functlon of

X(n — 1) and X,, conditioned on Yp(n), fX (C ) is the
(n —1)-fold convolution of the probability density func-
tion for the length of a single step, and it is equal to the
probability density function for the distance traveled by
the particle in (n —1) steps, and fx\ ypx \) is the con-
ditional probability density function for a single step
length given that the particle is deposited at elevation y.

Turning now to the other part of equation 77 and
using equation 76 and assumptions 4, 5, and 6,

P[N(t) = n\YD(n) -_—yl]

=P[T(n) <t, T, >t-TmN\Y, (n) =y]
t oo

) ff fT(n) T VY (n) (t', t\y') dudt’
0t-t +1'°D
t oo

) ' ') dedt!
ff IfT(n) (t)an+1\yD(n) (t\y) T
0 t-t
! (n)

t-t
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in which
n
=) T
i=1
(n) n - 1) b
frmy ) = fpt) = f t' - 0)de
n=2, 3, 4, , >(81)
and
(n)
fr Y =fp 5 n=1. J

In the above, T, ,,is the random variable describing the
duration of the (n+1)th rest period of a particle,
fron Toei\ YD(n,(t ,7\y’) is the joint probability density
function of T(n) and T,,,, conditioned on Yj(n),
friy.(t\3) is the conditional probability density func-
tion for the duration of a rest period given that the par-

(n)
ticle was deposited at elevation y, and f{(#) is the n-fold
convolution of the probability density function, f(z), for
the duration of a single rest period and is equal to the
probability density function for the duration of n suc-
cessive rest periods.
Similarly, the terms for n = 0 in equation 77 become:

P[X(0) <x\Y(0) =y'] =1 (82)
because X(0) = X;=0and 0 =< x < o0,and
PIN(t) = O\Y,(0) = y'} = P[T, > 1.Y,(0) = y']
(83)

=ff\ Wyt
t T\YD

where T is the random variable describing the dura-
tion of the first rest period in time ¢ It is important to
note that the initial condition, X(0) = X, =0, implies
that the particle starts its first rest period at ¢t = 0.

Introducing equations 78, 80, 82, and 83 into equation
71,

Flax,yit) = f Iy, <y>dyf Fryy, W)
ymln

y x'

- [ fy(y)dyz fdxf

Ymin n=1

(n-1)
fx (8)

! (n)

fX\YD (x' - g\y")dg 'ffT(t') dt'f I'T\YD (t\y') dr |.(84)
0 t-t

The first term of equation 84 represents the joint prob-
ability that the particle has not moved from its initial
position and that its initial elevation is equal to or less
than y, and it is not a function of x. Hence,

o2 o2 ¢
nd . = t !
3x3y e300 5255 | fy &y
Ymin

f (t'\y')dt' =0
[ T\YD

The corresponding density function is therefore

2
flx,y:t) = 3x3y F{x,y: t)
oo X
(n-1)
=fy, (y) f, &) . (x - §\y)dg
Y, : f X X\Y,
n=1\0
t oo

,ff(r(t) 4
t') dt'
o T

If a large number of identical particles are initially at
rest at x=0, y=y, equation 85 expresses the
longitudinal and vertical distribution at time ¢of the
particles which have moved from their respective in-
itial positions. It should be noted here that flx,y; ¢) is
not a true probability density function because

fwfm

yl'l'lll’l
That is to say, equation 85 applies only after the parti-
cle has moved from its initial position. The expression
flx, ; ©) does not exist for x =0. )
If we assume that X;is independent of Yp( ) for all i
and j and drop assumption 3, equation 85 reduces to
equation 8,

f fry @ydo .(85)
) . T\ D

X

flx,y;t)dy =1-P[N(t) =0] <1 . (86)

fle,y; t)
(n)

—fY y)EfY(x)ffT(t')dt'f

t-t

f. (t\y)dr, (8)
Y,

n=1

which is the Sayre-Conover (1967) two-dimensional
stochastic model. The difference between equations 85
and 8 is that equation 85 takes some of the dependence
between X and Yj into account whereas equation 8 is
based on the independence of X and Yj. Hence, the
Sayre-Conover model is a special case of equation 85.
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The marginal case of equation 85 gives the
longitudinal distribution at time ¢ of the particles which
have moved from their initial positions. Integrating
equation 85 over y,

max (n-1 (n)
fn= [ fleyiody = E ffx<c>d§ffT<t'>dt'
n=1
Ymin
L ymax

f dr f fX\Y (x - §\y')fT\Y My fy v)dy' .(87)
, D D D
t-t Ymin
By virtue of assumption 1,
Ymax

f (x - E\y") f oy fy (y)dy'
X\Y, Ty, Oy

ymin
Y max
-f e - g0y fy (Y)ay'
X, T\Y, b Y,
ymin

Substituting equation 88 into equation 87 and rear-
ranging terms

(n-1)

E ffxtc) fxx Qdg
n=1
t)dt'f fr )

t-t

flx; t) =

Because

(n-1)
j‘fx(c) fy b - g)ag = fx(x)

and from equation 76,

t

P[N(t) =n] = (89)

(n)
(t") dt' f fT (t)dt
t-t

Meanwhile, equation 75 can be restated as
{N@) =n} ={T(n) <O {T(n+1) >1)
={T(n) <t} -{Tn+) >t

={T() <t} -{T+1) <)

where {T(n+1) > t}c denotes the complement of the

event {T(n+1) > t}. Because {T(n+1) < ¢} is a sube-
vent of {T(n) < t}, it follows that

P[N(t) =n] =P[T(n) <t] -P[T(n+1) <t]
t

f qunt))dt' - f

From equations 89 and 90, we have the marginal prob-
ability density function,

= (n
Y re@PIN® =n)
n=1

(n+1)

(") dt' . (90)

flx;t) =

= ! (n+1)

Z fX(x) f ) - fp) [att . (91)
n=1 0
Equation 91 is identical to the Sayre-Conover (1967)
one-dimensional stochastic model which is given in
equation 10. As with equation 85, here also flx;?) is not
a true probability density function because

f flt)de =1- PIN(1) =0] <1,

where P[N(#) = 0] is the probability that the particle
has not moved from its initial position.

In order to apply equations 84 or 85, the probability
density functions fY (), frayy(E\y), and fx\y,(x\y)
must be known. These density functions are estimated
from equations 25, 28, and 39. The probability density
functions f;(¢) and fx(x) are determined by the rela-
tions

y

max
fr = f fT\yD (l\y)fYD (y)dy (92)
ymin
and
ymax
fo(x) = fs (x\y)f, (y)dy (93)
X f X\ YD YD
ymin

where y,;, and y,,, are estimated from the y,(¢) record.
Equations 92 and 93 are the continuous forms corres-
ponding to equations 29 and 40 (or 41), respectively.
With fr(f) and fx(x) determlned the corresponding

convolutions, fT (t) and fx(x) are determined from equa-
tions 81 and 79, respectively.



22 STOCHASTIC ANALYSIS OF PARTICLE MOVEMENT OVER A DUNE BED

ANALYSIS AND DISCUSSION OF RESULTS
EXPERIMENT AND BASIC DATA

Three dune runs were made in a tilting recirculating
flume of rectangular cross section, 61 m long, 2.4 m
wide, and 1.2 m deep. The flume has been described in
detail by Williams (1971).

The bed material used in these experiments was a
screened river sand (Cherry Creek sand), with a med-
ian sieve diameter, d;) =1.13 mm, and a geometric
standard deviation, 0, =1.51. The size distribution,
shown in figure 5, was obtained by a sieve analysis of
3,000 grams of bed material.

After an equilibrium flow, as defined by Simons and
Richardson (1966), was established, the y.(#) and y,(x)
records, the total bed-material discharge, and the hy-
draulic properties of interest were measured. The
methods and procedures of the measurements have
been described in detail by Lee (1969). The summary of
measured and derived data is given in table 1. The
values of the water discharge, depth, energy slope, bed
shape, and total bed-material concentration presented
in table 1 are the average of several individual
measurements, The sampled load was measured by a
DH-48 sampler. The number of measurements was the
same as the number of y,(x) charts.

1 T T T rrT T
99.0 -
L1 dgo = 1.I3mm 4
dgg = |.72mm
%soH o i
dig = O.75mm
900 H -
L (e, duo )
800 H 7 2 2g e )7 1S Sieve | Percent | Mean
) diameter finer | fall velocity

x s

w (mm) — (cm/sec)

Z

= 600 -

- i 2.83 | 9935 | 2260

=

8 400 F 200 | 9160 | 1900

@

w - 1.410 | 69.12 18.10
200 .00 39.86 14.60
00 L 0707 | 1287 | 1110

Q.500 2.63 845
50 |

0.350 0.78 —
20 0.250 0.20 —_
10 | Q177 0.05 —
05 | e ———
0.2 1 i 1 1 L1l 11 |

04 06 08 1.0 20 30

SIEVE DIAMETER, IN MILLIMETERS

F1GURE 5. — Size distribution curve of bed material.
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TABLE 1. — Basic data and computed parameters

23

Water discharge Flow depth Energy slope Water temperature
Qws m*/s d, cm Se T, °C
Run Standard Standard Meanl%ov:'nvlglocity Standard Standard
Mean de?z?at?;n Mean de?r?ati;n ¢ Mean deviati;n Mean deviation
4A 0.464 .003 31.1 0.6 61.3 0.00167 0.00009 20.0 0.3
16 1.24 .006 90.8 09 55.8 0.00029 0.00021 22.8 0.2
17 1.53 .008 89.3 0.6 704 0.00047 0.00005 22.0 0.2
Total Bed-material discharge
Sampled load
Run Concentration Mean total concentration Mean Chezy = Mean bed Mean Stream_power
Crp, mg/L load mg/L resistance  shear stress  shear velocity Ty U,
Sonind qp,t/day-m Sondora coefficient Ty, d/em? U,,cm/s d/cm s
Mean de?ziation Mean deviatiii;n CNE
4A 1686 536 2.77 1.5 6.1 8.6 50.8 7.13 3110
16 8.9 3.1 0.39 0.0 0.0 12.1 25.9 491 1450
17 29.7 108 1.61 6.3 10.2 11.0 41.2 6.43 2900
¥, () Record y¢(x) Record
Mean Time interval of Range of
Run Froude number Length of record Lag interval Length of record Number of measurements lag interval
P L;, hours min Ly,m charts hours cm
4A 0.35 312 2.4 1235 31 6 3.7-13.0
16 0.19 80 1.2 1006 33 1 86— 136
17 0.24 109 0.6 983 30 1 72-118
The y,(x) charts were obtained by mounting a sonic | f,, (¥) =fy (¥) A
depth sounder on the instrument carriage and travers- b E
ing it along the centerline of the flume in the upstream 1.2
direction. The sonic depth sounder has been described 1, 7Y 1 9
by Karaki, Gray, and Collins (1961). Although the |  v7x R y
duration of traverse was approximately 5 minutes, the - 1 2 - SR
¥(x) record was considered to be instantaneous. The 7Y, > (94)
¥,(0) record was obtained by locating a sonic depth J— _[
sounder at the centerline of the flume 42.1 m -2.4
downstream of the headbox. Both the y,(x) and y, (9
. . for -2.4<y<2.4
records were digitized with an analog-to-digital con- =7 =
verter at the lag intervals shown in table 1. The lag in- f (y) =f, (y) =0 otherwise
terval on the y,(x) charts were not constant because the Y, Yo J

speed of the carriage was somewhat different for each
chart. The output of the converter was to computer
cards so that all statistics could be processed on the
digital computer.

PROBABILITY DISTRIBUTIONS OF THE ELEVATIONS
OF DEPOSITION AND EROSION

The sample probability mass functions for the eleva-
tion of deposition and erosion were computed using
equations 25 and 26 and the y,(f) records. The results of
calculations for the three flume runs are presented in
table 2.

The y.(f) record of each run was standardized so
that the class mark, y;, measures the elevation of
deposition or erosion in terms of the standard devia-
tion about the mean bed elevation. The class width of
0.4 was used for all class marks. The frequency
histograms for the elevation of deposition and erosion
are plotted in figure 6.

The truncated Gaussian probability density function,
defined by

appears to fit the data reasonably well. A symmetric
triangular density function defined by

1 )
for0<y< 2.4

1
fv W =Ff ¥)=-—=y+
Yp Yg Y 2.4

1

57 (95)

1
)=fy (W)= —=y+
D Yp 2.4°

fy for -2.4<y<0

fv () =fy (y) =0 otherwise ,
b Yp J

also appears to fit the data reasonably well. Equations
94 and 95 are both plotted in figure 6. In equations 94
and 95, fy (y) and fy,(y) are the probability density
functions of the elevatlon of deposition and erosion,
respectively, and y is the standardized elevation.

Both distributions assume nonzero values only for
—24<y=<24 and the two models postulate that
Ypand Yy are identically distributed. The truncation

limits on these distributions are rather arbitrary.
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FIGURE 6. — Frequency histograms, triangular density function, and truncated Gaussian density function for the elevation
of deposition and erosion.



ANALYSIS AND DISCUSSION OF RESULTS 25

The mean and variance for the truncated Gaussian
density are

ELY 1 =E[Y ] =0, ]
and
- _ 2
Var[YD] = Var[YE] = E[YD] > (96)
2.4
=E[Y2] 21017 y2g (y)dy = 0.891
-2.4 J
12
where g(y) = e 7 .For the triangular density
¥4
E[YD] = E[YE] =0
and
Var(¥p] = Var[Yg] = E[Y2] ®D
2
_ 2, _ 2.4° _
—E[YE] == - 0.960

The variances of these distributions are quite sensitive
to the assumed truncation limits.

A goodness of fit test using the chi-square statistic in-
dicated that neither model would be rejected for runs 16
and 17 at a significance level of 0.05. For run 4A,
however, both models were rejected at the same level of
significance. As seen in figure 6, the truncated Gaus-
sian density appears to give a slightly better approx-
imation to fyD( y) and fYE( ¥); but, the triangular density
is much easier to handle in analytical treatments. The
variance of the triangular distribution is even more
sensitive to the assumed limits than is the variance of
the truncated Gaussian distribution. Therefore, the
triangular distribution probably should not be used in
predicting the variance.

For stationary processes, continuity requires that the
probability of erosion equal the probability of deposition
for all elevations. Therefore, the density functions for
the elevations of deposition and erosion must be identi-
cal. The mean and variance of sample histograms as
well as the total number of points available for analysis,
2m,, are shown in table 2. Little data were available for
run 16, only 134 crossings compared to 2,167 for run 4A
and 708 for run 17. Although run 16 was continued for
33 hours, the very low transport rate (table 1) and slow
movement of the bed forms limited the number of cross-
ings available for analysis. It should also be pointed out
that equilibrium flow was never attained for this flow
which was barely above the initiation of motion stage.

REST PERIOD DISTRIBUTIONS

The sample conditional probability mass function of
the rest periods were computed by determining the

difference betweeen the time of reexposure and move-
ment and the time of burial of the center of each class
mark for each crossing event, m; ;, that occurred in the
v,() record (fig. 2). The results of the measurements
are presented in tables 3 through 5, and examples of
the mass functions are presented in figures 7, 8, and 9.
The standardized y,(¢) record was used and the class
width of the elevation was taken to be the same as that
used in determining the probability distribution for the

elevation of deposition, 0.4.
The mean and variance of the conditional rest

periods were computed using equation 30, and the
results are presented in table 6. These results are also
plotted as a function of bed elevation in figure 10. As
can be seen from figure 10, both the conditional mean
and variance of the rest periods decrease with increas-
ing elevation of deposition. Inspection of figure 2 indi-
cates that the conditional mean should decrease with
increasing elevation of deposition. However, the
decrease of the variance is not so obvious. Because the
mean value is decreasing with increasing elevation, the
decrease in the variance is not too meaningful. The
coefficient of variation (standard deviation/mean) is
probably a better measure of the variability of the rest
periods. Restricting our attention to runs 4A and 17,
for reasons to be discussed later, the coefficient of
variation remained roughly constant in the range of
0.6—0.75 for elevations above the mean bed elevation,
and it increased with decreasing elevation to a value
of about 1.5 at 2.4 standard deviations below the mean
bed elevation. Thus the variability of the rest period,
as measured relative to its mean, also decreases with
increasing elevation at least up to the mean bed eleva-

tion.
As seen from figure 10, both the mean and variance

of the conditional rest periods may be approximated by
an expression of the form,

E[T\Y, =y] = Ae BY

and (98)

Vér[T\YD =y] = ce DY

The constants A, B, C, and Din equation 98 were deter-
mined by a regression analysis of the data plotted in
figure 10, and the resulting values are presented in the
figure. The values A and C represent measures of the
mean and variance of the rest period, respectively, for
the mean bed elevation. The values of B and D are
measures of the rate of change of the mean and
variance of the rest period with bed elevation, respec-
tively.

The distributions of the conditional rest periods were
approximated by the two-parameter gamma probability
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FIGURE 7. — Sample probability mass functions of the conditional rest periods with fitted two-parameter gamma
functions (run 4A).
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FIGURE 10. — Variation of the conditional mean and variance of rest periods with bed elevation.

density function which has the form,

k r -1 -(k )t
f (t\y) = _ 2.y (k, t) 2,y e 2,y
T\Y, T, y) 2,y

(99)
where )
I'(«) = gamma function; and
Ry, y» e,y = scale and shape parameters, respectively.

The scale and shape parameters were estimated by
using the method of moments,

E[T\Y} = y]
K2,y ” Vér[T\YD =y]

and > (100)
E[T\Y = y])? )

and the data contained in table 6. The variation of %, ,,
and r, ,with bed elevation are presented in table 7
along with the results of a chi-square goodness of fit
test. The ability of the two-parameter gamma distribu-
tion to fit the measured mass functions is illustrated in
figures 7, 8, and 9.

From table 7, as well as from figures 7, 8, and 9, both
the scale and shape parameters increase with increas-
ing bed elevation, with a few exceptions for the shape
parameter. The shape of the conditional density of the
rest periods (figs. 7, 8, 9) approaches a J-shape and
becomes more peaked as bed elevation decreases.
Therefore, the exponential density might fit better
than the two-parameter gamma density below the
mean bed elevation (y < 0). The exponential density
function is a special case of the gamma density with
ryy = 1. The better fit of the exponential density seems
to be consistent with the fact that all rejections of the
chi-square test (6 rejections out of 22 at a significant
level of 0.05) occurred below the mean bed elevation
(table 7). It would appear that the exponential form for
the conditional rest period as proposed by Grigg (1969)
is only valid for elevations below the mean bed eleva-
tion.

A major factor in determining the degree of fit be-
tween the measured density functions and the fitted
curves in figures 7, 8, and 9 appears to be the number of
points available from which the distribution was con-
structed. In general, if more than 100 points were
available, m,;, the fit is pretty good. The weakness of
the data for run 16 is very apparent. Even at the mean
bed elevation, only 18 crossing events were observed.
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Combining equations 98 and 100, the scale and shape
parameters can be estimated using only the constants
A B, C, and D.

- AeDy
2 y C

and > .(101)

AzeDy

rZ,y = CTBy = k2,yAe
e J

The sample joint probability mass functions of the
rest period and the elevation of deposition were com-
puted from equation 33 using the results presented in
tables 2 through 5. The results of these computations
are presented in tables 8, 9, and 10. The correlation
coefficients were computed by using equation 34, along
with the data contained in tables 2, 6, 8, 9, and 10. The
values of the correlation coefficients were —0.27, —0.53,
and —0.26 for runs 4A, 16, and 17, respectively. The
rest period and the elevation of deposition are
negatively correlated, but the degree of their linear
association is not strong.

The sample marginal probability mass functions,
pr(t,), were computed by use of equation 29 and the
data contained in tables 2, 3, 4, and 5. The results of
these computations are also presented in tables 8, 9,
and 10. The sample frequency histograms for the
marginal rest periods are plotted in figure 11. The
mean and variance of the marginal rest periods were
computed by use of equation 31. These results are also
presented in figure 11. The variance values appear to be
extremely large. For example, the standard deviation
for run 4A is almost four times the mean value. The
computed variance values are extremely dependent on
the long rest periods, the extreme events generally oc-
cur at low bed elevations. For example, by ignoring rest
periods of greater than 2,000 minutes, which have a
probability of occurrence of only 0.0015, the variance is
reduced from 42,000 to 12,000.

Also shown in figure 11 are exponential density func-
tions with a mean equal to the computed marginal
mean. The exponential density function fits the data
reasonably well; however, there would appear to be
room for improvement. A gamma density fitted by the
method of moments would be an extremely poor fit of
the data. A gamma distribution, estimated by the max-
imum likelihood method may fit the data reasonably
well.

The marginal distribution of the rest periods could
also be estimated by

2.4

f (t\y)f,, (y)dy
:é . T\YD YD

fr) = 102)

where f7\y,(¢ \) is the two-parameter gamma density
(eq. 101) w1th parameters given by equation 101, and
f Y, ( y) is given by equation 94, or it could be obtained by
ﬁttlng the frequency histograms contained in figure 11
with some assumed distribution.

STEP LENGTH DISTRIBUTIONS

The y,(x) record was standardized after removing a
straight line trend. The trend determined by the
method of least squares accounted for the possibility
that the sand bed in the flume was not paralle] to the
instrument carriage rails supporting the sonic sounder.
In standardizing the y,(x) record, the standard devia-
tion obtained from the y,(¢) record was used. With these
standardized data, the statistic {x;;,] was analyzed
(fig. 3) to estimate various probability distributions of
the step lengths.

The sample probability mass functions given the
elevations of deposition and erosion were computed by
using equation 47, and the results are presented in
tables 11 through 56. Examples of these mass functions
are shown in figures 12, 13, and 14. The corresponding
means and variances were estimated by equation 48
and summarized in tables 57, 58, and 59.

It can be seen from tables 57, 58, and 59, as well as in
figures 12, 13, and 14, that the conditional mean of the
step length decreases with an increase in either the
elevation of deposition or of erosion. This result could be
expected simply from the typical shape of the dunes.
Likewise the conditional variance of the step length
tends to decrease with an increase in the elevation of
either deposition or erosion. The above statements es-
sentially imply that longer step lengths are associated
with lower elevations at which a sediment particle is
eroded and deposited, and vice versa.

The distribution of conditional step lengths were ap-
proximated by the two parameter gamma probability
density functions,

f (x\y,y")
X\YE,YD

Kl y,y <1+"1 ) (kp, g,y
_ *_,x_y_ (xk ) Y.y INERG (103)
ry B Ly.y
Yy
where
y and y’ = arguments of Y;and Y, respec-
tively; and
k, ,,andr; ,, =scale and shape parameters,
respectively.

The parameters %, , ,-and r; , , were estimated by the
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FIGURE 12. — Sample probability mass functions of the conditional step lengths given the elevation of erosion is 0.0 with Gamma fits (run 4A).
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method of moments, using data contained in tables 57,
58, and 59 and the expressions

A . _ _ Ny
. . E[X\YE~y1 Yo=y'l
Ly.y' "z
' Var[X\YE=y, Y. =y'l
D
and
Sre v _ 2 > (104)
" - (E[X\YE—y’ YD—y'])
1, . ' 2 - — !
Y.y Var[X\YE—y, YD—y]
:A 4 = = t
E[X\YE Y. YD y]kl’y’y‘ )

The variation of , , ,-and r, , .. with the elevations of
erosion and deposition are shown in tables 60, 61, and
62. These approximations are also shown in figures 12,
13, and 14.

The chi-square test for goodness of fit was used to
test these gamma approximations. The results of these
tests are summarized in tables 63, 64, and 65. None of
the 81 distributions tested could be rejected at the 0.05
level of significance. In other words, there is no good
statistical reason to reject the hypothesis that the prob-
ability density functions for the step lengths, given the
elevation of deposition and erosion, are distributed ac-
cording to the two-parameter gamma distribution. The
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fitted gamma distributions are also plotted and the
example mass functions presented in figures 12, 13,
and 14. These figures also help to illustrate the abili-
ty of the two-parameter gamma distributions to fit the
measured conditional step length distributions.

The sample conditional mass functions, given the
elevation of deposition, were computed based on equa-
tion 37 and the data contained in tables 2 and 11-56.
These mass functions are presented in tables 66, 67,
and 68. The corresponding conditional means and
variances were computed using equation 38 and are
presented in table 69 as well as being plotted in figure
15. Again, the general decrease in the expected value of
the step length with an increase in the elevation of
deposition is apparent.

The sample joint probability mass function of the
step length and the elevation of deposition was com-
puted by equation 43, and the results are shown in
tables 70, 71, and 72. The correlation coefficients were
computed by equation 44, and their values were —0.15,
-0.15,and —0.20 for runs 4A,16, and 17, respectively, in-
dicating that the step length and the elevation of deposi-
tion are negatively correlated, but the degree of their
linear associations is not strong. The sample marginal
probability mass functions, py(xg), computed using
equation 40, are also shown in tables 70, 71, and 72. The
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FIGURE 15. — Variation of the conditional mean and variance of step lengths with bed elevation; E\[X \Yp=3l



36

sample frequency histograms for the marginal rest
periods are plotted in figure 16. The mean and variance
of the marginal rest periods were computed by use of
equation 41. These results are also presented in figure
16. The range of the means is fairly small, only 0.610 to
0.799 m. The mean dune lengths, as measured by the
distance between trough points, for the three runs were
1.19, 1.66, and 1.23 m respectively for runs 4A, 16, and
17. The mean step lengths were, therefore, 54, 48, and
49 percent of the mean dune lengths. Grigg (1969)
found the mean step lengths of single tagged particles
to be about 60 percent of the mean dune length. Of
course, Grigg was working with a much finer sand, .33
to .45 mm, as compared to 1.15 mm for this study. Also
shown in figure 16 are gamma density functions for
which the parameters % and r were determined from
the mean and variance shown in the figure. The gamma
functions appear to fit the data very well for all three
runs. The value of the parameter r ranged from 4.05 for
run 4A to 4.59 for run 17. This is slightly more than
twice the value estimated by Yang (1968) from the step
length distribution of a single plastic particle.

BED-MATERIAL TRANSPORT

The following assumptions and conditions were used
to estimate the mean total bed-material transport rate
by equations 55, 63, and 66: (1) Because the bed
material was coarse sand (fig. 5), all sediment par-icles
are assumed to be transported as bed load. Expressed
mathematically, P[E;] = 1. (2) y,(1 — O) = 1602 kg/m?.
(3) Ay; = 0.4s,everywhere. By virtge of iQem 1, it follows
that Vo=V, V() =9,(/), and @p= @p. Initem 3, 5,
is the standard deviation of the bed elevation computed
from the y.(f) record.

All parameters and statistics which are required by
equations 55, 63, and 66 are summarized in tables 73
and 74. The average depth of the zone of bed material
movement, h, was determined by equation 59. It was
found that one chart of the y,(x) record (about 34 m) is
sufficient to obtain a reliable value of A, although over
30 charts of the y,(x) record were used in this study.
Each chart contained about ten dunes. Using equation
62, &, the percentage of volume between eleva-
tions 7; and Mj+1 occupied by dunes (hereafter
will be referred to as the effective volume ra-
tio) was obtained from the y,(x) record. The results
are presented in table 74 and plotted in figure 17. As
shown in figure 17 §;is nearly independent of flow con-
dition. As long as the bed forms are dunes, & does not
change appreciably. It is also shown in figure 17 that ¢;
is nearly unity and zero at y;=—2.4 and y; =+ 24,
respectively. This is partial justification for the upper
and lower limits of the elevations of erosion and deposi-
tion used in equations 94 and 95.
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Another effective volume ratio can be obtained from
the y,(#) record. Denoting this ratio by ¢,

m,
]

E bk

k=1

1
g' =
oL

(105)

where
L, = total length of y,(#) record;
m; = maximum number of bed forms contained in
the y,(#) record which also contains some
deposition at elevation y;; and

t;, = measurement of the conditional rest period.

¢h

There is no significant difference between &; and
{; (table 74) except for depths greater or less than 2.0
standard deviations from the mean. The longitudinal
profiles (y,(x) records) appear to contain a larger num-
ber of extreme events than the time record at a given
point (the y.(#)). The explanation for this is probably
that the flow was fairly stationary but that it was not
longitudinally uniform.

A comparison of measured and computed total bed-
material transport rates is shown in table 75. It is seen
that:

1. For run 4A, all three equations provide excellent
estimates to the observed mean total bed-material dis-
charges.

2. Equation 55 provided an excellent estimate to the
mean total bed-material discharge for run 17. However,
the other two equations overestimated the discharge by
more than 25 percent. The reason for the differences in
the equations is not understood.

3. None of the equations gave good estimates of the
mean total bed-material discharge for run 16. The con-
sistently overestimated discharge ranged from 64 per-
cent for equation 63 to 80 percent for equation 55. It
should be remembered, however, that the mean total
bed-material discharge was less than 9 mg/L during
this run, that the flow was not in equilibrium as illus-
trated by the large variation of energy slope (table 1),
and that very few rest period statistics were available
for analysis (fig. 8).

Taken as a whole, the results are very encouraging.
Although equation 55 gave the most accurate results
for run 17, it should be noted that equations 63 and 66
gave very consistent results for all runs when they are
compared one with the other. The discharge predicted
by equation 66 was 8.3, 8.4, and 8.5 percent larger than
that predicted by equation 63 for runs 4A, 16, and 17,
respectively. Although equation 66 is probably simpler
to evaluate than equation 63, it appears that some ac-
curacy has been sacrificed. The main difference be-
tween equations 63 and 66 is the way in which the
effective depth or effective volume ratio (eq. 62, 71) is
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TasBLE 73. — Variation of various statistics with stream power

Run 7,0 E(x]  var(x] E(T] var[T] v < ElX] 12 h s
(d/cmes) tm) m?) {mn) (min®) T £rr) femss)  ©™ G
(cm/s)
4A 3,110 0.649 0.104 53.8 42,110 0.0201 0.0378  9.66 4.26
16 1,450 0.799 0.140 180.5 93,077 0.0073 0.0166  6.89 3.01
17 2,900 0.610 0.081 60.1 60,469 0.0169 0.0372  7.13 3.61

TABLE 74. — Comparison of the effective volume ratios at elevation y;;
£, from y,(x) record and{;, from y.(t) record

Run 4A Run 16 Run 17
.YD=y.

J £ t; £ 5 £ >
-2.8 0.968 ----- 1.000  ----- 1.000  ----- '
-2.4 .963 ----- 995 ----- .998 —----
-2.0 949 0.903 975 ~eee- 989 -----
-1.6 .925 .883 935 0.890 964 0.943
-1.2 .877 .865 .865 .840 .900 .867
-0.8 .791 .787 .778 .719 .801 .756
-0.4 .668 .675 .670 .656 .669 . 645
0.0 512 .529 .535 .567 .522 .522
0.4 .344 379 .385 .388 .364 .380
0.8 .189 .222 230 .230 . .202 .234

1.2 .078 112 .103 .097 .079 .120
1.6 .015 .044 .036 .037 .020 . 046
2.0 .001 .009 .012 .008 .002 .013
2.4 L0000 -—---- .004 .001 .000 .001
2.8 | ----- eeee- .001 ----- L0000 -----

computed, and these functions were similar (table 74);
therefore, the consistency of their final result was ex-
pected. Equation 55 had the lowest average absolute er-
ror for all three runs; however, equation 63 gave the
most accurate result on two out of three runs. Because

of the similarity of equations 55 and 63, it would be
difficult to say one was more accurate than the other.
Their relative accuracy probably depends on chance oc-
currence of extreme events in one or the other records
of bed elevation.

In table 75, §'7 is the mean total bed-material dis-
charge in weight per width and time, and it was ob-
tained by dividing equations 55, 63, and 66 by the width
of the channel, W.

If we define g(j)as the mean bed-load discharge
associated with elevation y;, then based on equation 63,

ap) =1y (- OV (gAY, (106)

where §5(j) estimates g5(j) and /VB( j) is an estimate of
the mean transport speed of a bed-load particle at
elevation y;. The mean transport speed, VB(J' ), is given
by equation 61 provided that the suspended load is
negligible. With equation 106, the variation of bed-load
discharge with bed elevation may be investigated. This
variation is shown in figure 18 for all three runs. It is
seen that the maximum bed-load discharge is associ-
ated with the mean bed elevation and that an insignifi-
cant portion of the bed-load movement appears to occur
fory,< -24 and y; = +2.4.

TABLE 75. — Comparison of measured and computed total bed-material transport rates

Measured total bed-material discharge (t/day-m)
Run
Number of Maximum Minimum Standard Mean
measurements deviation
4A 54 5.30 0.91 0.88 2.77
16 32 0.72 0.18 0.14 0.40
17 32 3.04 0.59 0.59 1.61
Computed mean, ti.r (t/day m) Computed mean/measured mean
Run
Eq. 55 Eqg. 63 Eq. 66 Eq. 55 Eq. 63 Eq. 66
4A 2.68 2.72 2.94 0.970 0.983 1.066
16 0.70 0.64 0.67 1.801 1.641 1.728
17 1.67 2.05 .18 1.035 1.269 1.354
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VARIATION OF VARIOUS STATISTICS
WITH FLOW CONDITIONS AND A RELATION
BETWEEN THE STEP LENGTH
AND THE REST PERIODS

Although three flume runs are not sufficient to
establish a reliable relation between the various
statistics and flow conditions, some qualitative trends

can be determined from table 73. The stream power
(product of mean bed shear stress and mean flow
velocity) was used as a measure of the flow conditions.
From table 73, it is seen that:

1. The mean transport speed of a bed-material parti-
cle (Vy;, Vi), the average depth of the zone in which bed
material movement occurs (h), and the standard devia-
tion of the bed (s,), appear to increase with increasing

stream power (7 ,U).

2. The marginal mean of the step lengths (E[X]), the
marginal variance of the step lengths (Var [X]), the
marginal mean of the rest periods & [T]) and the
marginal variance of the rest periods (Var[T)), appear
to decrease with increasing stream power within the
range of stream power investigated here.

The variation of the ratios of the conditional mean
step length to the conditional mean rest period

(Ve = BIX\Yp=yD / (EIT\Yp=y))
and of the conditional variance of the step length to the
conditional variance of the rest period
(VAY [X\ Y, = y1/Var[T\ Yp = y])
with bed elevation, ¥, is shown in figures 19 and 20.
From these figures it is seen that both ratios increase
with increasing bed elevation.

TWO-DIMENSIONAL STOCHASTIC MODEL
FOR DISPERSION OF
BED-MATERIAL SEDIMENT PARTICLES

A two-dimensional stochastic model for dispersion of
bed-material sediment particles was derived earlier and
was given by equation 85,

X

(n-1)
fla,yit)= fYD(y) f Q) fy (e O)dg
n=1

dt> . (8B)

The one-dimensional model as a marginal case of equa-
tion 85 was

:fo f[ -f::)ljdt' . (91)

Note that yis the standardized elevation. In order to ap-
ply equations 85 and 91, the probability density func-
tions,

fYD(y) fT\YD(t\y) @, fT(t) fT(t) fx v\, fx(0),

fX(x), and fX(x) must be specified.

Although probability density functions for all these
distributions have not been determined in this report,
the measured probability mass functions have been
presented in tables 2, 3—5, 8—10, and 6668, respec-

t

f f(r‘l) ) i frvy (O)
. t') dt' f .o (n\y
T T\YD

0 t-t



SUMMARY AND CONCLUSIONS

Stochastic models were developed which can be used
to predict the transport and dispersion of bed-material
sediment particles in an alluvial channel. These models
are based on the proposition that the movement of bed-
material sediment particles consists of a series of steps
separated by rest periods and, therefore, their applica-
tion requires a knowledge of the probability distribu-
tions of the step lengths, the rest periods, and the eleva-
tion of particle deposition and erosion.

The probability distribution of the rest periods, condi-
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tively. Equations for determining the n-fold convolu-
tions of py(#) and py(x) can be obtained from equations
82 and 79 with proper substitutions (Parzen, 1967).
Further progress in the solution of either equation 85 or
91 could proceed along either of two lines. First, all
probability density functions could be replaced with the
corresponding sample probability mass functions, the
integrals approximated by summations, and the solu-
tions obtained numerically. Alternately, the mass func-
tions could be fitted by density functions of some
assumed form and an analytical solution attempted.
Lee (1973) used various fitting procedures to obtain all
the probability density functions required to solve equa-
tion 85, but the integration of the equation appears
quite formidable.

tioned on the elevation of particle deposition and the
probability distributions of the elevation of particle ero-
sion and deposition, were obtained from a record of the
bed elevation at a fixed point as a continuous function
of time [y,(?) record]. The necessary assumptions were:
(1) Equilibrium flow; (2) both erosion and deposition do
not occur at the same point during the same time
period; and (3) the number of particles per unit volume
of the bed is constant.

The probability distribution of the step lengths, con-
ditioned on the elevation of particle erosion and the
elevation of particle deposition, was obtained from a
series of instantaneous longitudinal bed profiles [y,(x)
record]. The required assumptions were: (1) All bed-
material sediment particles which are eroded from the
upstream face of a dune will be deposited on the
downstream side of the same dune; and (2) no deposi-
tion occurs on the upstream sides of dunes, and no ero-
sion occurs on the downstream faces of dunes. These
assumptions appeared to be reasonable at least for a
dune-covered bed composed of a coarse sand.

Introducing an additional assumption that the eleva-
tion of particle erosion and the elevation of particle
deposition are mutually independent, various related
probability distributions were obtained. These distribu-
tions included: (1) The marginal distributions of the
rest periods and the.step lengths; (2) the joint distribu-
tion of the rest periods and the elevation of particle
deposition; and (3) the joint distribution of the step
lengths and the elevation of particle deposition.

A two-dimensional stochastic model for dispersion of

bed-sediment particles was then derived (eq. 85). In

order to apply the model, the probability distributions of
(1) the step lengths given the elevation of particle
deposition; (2) the rest periods given the elevation of
particle deposition; and (3) the elevation of particle
deposition, must be known. The mass functions of these
distributions were estimated; however, the integrations
required by the model remained unsolved.

Applying the concept of continuity, three bed-
material transport models were presented. Application
of these models requires the estimation of: (1) The con-



REFERENCES CITED 41

ditional means of the rest periods and the step lengths;
(2) the probability distribution of the elevation of
deposition; (3) the average depth of the zone of bed-
material movement; and (4) the effective volume ratio.
These were all obtained from the y, () and y,(x) records.
In the derivation of the models, the bed load was
defined as that part of bed material which is deposited
on the downstream face of the dune from which it is
eroded, and the suspended load was defined as that part
of bed material which passes two or more dune crests
before being deposited. These definitions are very pre-
cise compared to the definitions prepared by the Task
Committee on Preparation of Sedimentation Manual
(1962).

Based on flume experiments with a coarse sand, the
following conclusions were drawn:

1. The elevation of particle erosion and the elevation
of particle deposition can be considered to be identically
distributed, and their distribution can be approximated
by either a truncated Gaussian density function or a
symmetric triangular density function. In general, the
truncated Gaussian density provides slightly better
results; although the triangular density is much easier
to handle analytically.

2. The conditional probability distribution of the rest
periods, given the elevation of deposition, can be well
described by the two-parameter gamma density func-
tion. The shape of the conditional density approaches a
J-shape and becomes more peaked as bed elevation
decreases.

A. Both the conditional mean and variance of the
rest periods increase with decreasing bed eleva-
tion. These relations can be expressed by exponen-
tial functions.

B. Both the scale and shape parameters for the
conditional distribution of the rest periods increase
with increasing bed elevation, and they can be
described by exponential functions of bed eleva-
tion.

C. The correlation coefficient between the rest
periods and the elevation of deposition indicated
that the rest periods and the elevation of deposition
are negatively correlated, but the degree of their
linear association is not strong.

3. The conditional probability distribution of the step
lengths, given the elevation of deposition and the eleva-
tion of erosion, can be approximated by the two-
parameter gamma distribution. The shape of the condi-
tional density is strongly dependent on the elevation of
deposition and erosion.

A. For a fixed elevation of deposition, both the
double conditional mean and variance of the step
lengths increase with decreasing elevation of ero-

sion. In other words, longer step lengths are associ-
ated with lower elevation at which a sediment par-
ticle is eroded or deposited and vice versa.

B. The correlation coefficient between the step
lengths and the elevation of deposition indicates
that they are negatively correlated, but the degree
of their linear association is not strong.

4. All three bed-material transport models are found
to be quite satisfactory except for run 16.

A. The effective volume ratio can be obtained
from either the y,(x) record or the y,(#) record, and
it appears to be nearly independent of flow condi-
tion.

B. The maximum bed-load movement is associ-
ated with mean bed elevation, and little movement
occurs for y< —2.4 and y= +24.

5. The mean transport speed of a bed-material parti-
cle, the average depth of the zone of bed material move-
ment, and the standard deviation of bed elevation in-
creased with increasing stream power, whereas the
marginal means and variances of the rest periods and
the step lengths decreased with increasing stream
power.

Figures 10 and 15 suggest that the step lengths and
the rest periods are positively correlated in an average
sense, but the degree of linear association was not
strong.
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Table 2. Sample probability mass functions of elavations of deposition and erosion

Run 4A Run 16 Run 17
Elevation Triangular Truncated
2 Py Ug) Py G3) |py ;) Py G)) [Py ;) Py @) | Density  Gaussian
-3.6 0.000  0.000 | 0.000 0.000 | 0.000  0.000 | -----  —=ce-
-3.2 .000 .000 .006 .006 .000 .000
-2.8 .000 .000 .007 .007 .001 002 | meeme eeeee
-2.4 .006 .006 .011 .013 .005 .006 0.006
-2.0 .025 032 .019 .025 .017 017 .022
-1.6 .060 .060 .038 .044 .044 .047 .046
-1.2 .091 .088 .062 .065 .089 .089 079
-0.8 .125 .129 .104 .109 .129 .129 118
-0.4 .152 140 .122 .116 .153 .148 .148
0.0 .160 .166 .133 .134 .154 .157 .162
0.4 .156 .154 197 .189 .154 .153 .148
0.8 .120 .116 137 .130 117 .18 .118
1.2 .070 .068 .097 .097 .073 .072 .079
1.6 .025 .032 .046 044 .041 .041 .046
2.0 .009 .009 .016 .016 .019 .017 .022
2.4 .001 .001 .005 .005 .004 .004 .006
2.8 . 000 .000 .000 .000 .000 000 | mmeee emeen
Z m; or 2 m} 2,167 2,167 134 134 708 708 e e
1 T
E[.YD] or E[yEl - .130 - .133 .055 006 |- .039 - 043 [ -mmem eeees
v?:xypl or er[rE] .813 .850 999  1.046 .863 870 | mmemm emmem

Note: m; is the total number of bed forms contained in the y,(z) record and which
also contain some deposition in the class interval associated with the
elevation y;.
m! is the total number of bed forms contained in the y,(¢) record and which
also contain some erosion in the class interval associated with the
elevation y;.
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Table 3. Sample conditional probability mass funetion of rest periods, pTIY (tulyi) (Run 4A)
D

'rCl 0 10 20 30 40 50 60 70 80 90 100 110 120 130 140
Toel 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150
tq 5 15 25 35 45 55 65 75 85 95 105 115 125 135 145
-2.8 0 0 0 ] 0 0 0 0 0 0 0 [} 0 [} 0
-2.4 o o 0 [ o [} [ o 0 0 0 [} 0 .0909 [}
-2.0 .0448 .0746 .1045 .0896 .0448 .0298 .0149 .0298 .0298 .0149 0 .0298 .0149 .0149 .0149
@ | -1.6 .0411 L1241 .1022 .0657 .0657 .1095 .0438  ,0146 .0365 .0219 .0146 .0146 .0073 .0219 .0219
:.‘ -1.2 .1031 .1443  .1186 .0723  .0979 .0670 .0412 .0258 .0361 .0103 .0154 .0052 .0309 .0206 .0361
S -0.8 .0909 .2016 L1265 .0988 .0830 .0988 .0237  .0316 .0316 .0237 .0277 L0237 .0198 L0158 .0158
E -0.4 .1019 .2229 -1337 L1752 L1178 -0637 .0478  .0350 .0223 .0159 L0127 .0096 .0159 .0064 .0032
% 0.0 -1579 .2742 .2271-  .1385 .0803 .0499 .0360  .0111 .0083 .0054 0 .0028 .0083 0 0
'Z, 0.4 .2189 . 3639 .2041 .1036 .0710 .0148 .0177 .0059 0 0 [} 0 0 0 0
lé G.8 . 3145 L3952 .1694 .0766 .0202 .0242 o o o o [ o o [} 0
3 1.2 .4067 .3533  .1867 .0467 .0067 0 0 0 0 0 0 0 0 [} 0
g 1.6 .5139 . 3750 .0833 .0278 0 [} 0 0 0 0 0 0 0 [} 0
2.0 .7368 .2105 .0526 ] 0 0 0 0 0 0 ] [} 0 0 4]
2.4 .6667 .3333 [ [} [} [ [} [} o 0 [} [ 0 o o
2.8 0 0 0 ] 0 [} 0 0 0 0 0 0 0 [} [}
Ty 150 160 170 180 190 200 250 300 350 400 500 600 1,000 2,000
arl 160 170 180 190 200 250 300 350 400 500 600 1,000 2,000 8,000 mi,i
ta 155 165 175 185 195 225 275 325 375 450 550 800 1,500 5,000
-2.8 [} 0 [} 0 0 [} 0 [} [} 0 0 0 0 ] 0
-2.4 0 [} [ 4] [} L2727 .0909 [ [} .0909 0 .0909 .0909 .2727 11
-2.0 ] 0 .0149 .0448 0 .0746 .0597 .0149 .0298 .0298 .0448 .0896 .0448 [} 67
o1 -1.6 .0438 .0219 .0146 .0073 .0219 .0219 .0219 .0438 .0219 .0292 .0 19 .0146 0 0 137
g‘ -1.2 .0258 .0052 .0052 .0103 .0155 -0309 .0464 -0155 .0052 .0154 [} [} 0 0 194
E -0.8 .0158  ,0198 .0079 .0079 .0039 .0198 .0079 4] [} .0039 [ [} 4] 0 253
E -0.4 .0032 .0032 .0032 0 0 .0032 .0032 0 0 0 0 0 0 [} 314
: 0.0 [} 0 0 0 0 0 0 0 0 0 ] 0 0 0 361
2 0.4 0 0 0 0 0 [} 0 0 0 0 0 0 ] 0 338
;g 0.8 0 0 0 0 0 0 [} 0 4] [} ] 4] 4] [ 248
E 1.2 0 0 0 0 0 0 0 [} 0 0 0 0 0 0 150
& 1.6 0 0 [} 0 0 [} 0 0 0 0 ] 0 0 0 72
2.0 0 0 0 0 0 0 0 0 0 0 [} 0 0 0 19
2.4 ] 0 0 0 0 0 0 0 [} 0 [ [} 0 ] 3
2.8 [} 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Note: Ty’ Toul’ and ta are in minutes.
'"i,i is the total number of bed forms contained in the yx(t) record and which also contain both an up-crossing

and a down-crossing at the elevation 78

45



46

STOCHASTIC ANALYSIS OF PARTICLE MOVEMENT OVER A DUNE BED

Table 4. Sample conditional probability mass function of rest periods, Priy (tu|yi) (Run 16)
D

o 0 20 a0 60 80 100 120 140 160 180 200

Toer 20 40 60 80 100 120 140 160 180 200 220

. 10 30 50 70 90 110 130 150 170 190 210

-2.8 0 0 0 0 0 0 0 0 0 0 0

-2.4 0 0 0 0 ] 0 0 0 0 0 0

-2.0 0 0 0 0 0 0 0 0 0 0 0

S -1.8 0 0 0 0 0 0 0 1667 0 0 0

S| -1.2 | .2500 0 0 0 0 0 0 .1250 0 0 0
‘g -0.8 | .1333  .0667 .0667 0 0 .0667 .0667  .0667 0 0 .0666
2 |-0.4 | .1765  .0588 0  .0588 .0588 .0588 .0588 .0588  .0588 0 0588

S | 0.0 | .11 L0856 .1111  .0556 L0556  .0556 .1111 .1111  .0555 0 0

B | 0.4 | .e138 103  .06%0 0345 .0345 .2069 .0345 0 .0345  .0345 0

'T,:g 0.8 | .2778  .1667 .1111 .1111  .0556 .0556  .1666 0 .0556 0 0

g 1.2 .5385 0 .2308 0 .2308 0 0 0 0 0 0

a 1.6 | .2000  .4000  .4000 0 0 0 0 0 0 0 0

2.0 { .5000  .5000 0 0 0 0 0 0 0 0 0

2.4 | 1.0000 0 0 0 0 0 0 0 0 0 0

2.8 0 0 0 0 0 0 0 0 0 0 0

T, 220 240 260 300 400 500 600 700 800 1,300
Tael 240 260 300 400 500 600 700 800 1,500 1,800 | m; .
ty 230 250 280 350 450 550 650 750 1,050 1,550

2.8 0 0 0 0 0 0 0 0 0 0 0

-2.4 0 0 0 0 0 0 0 0 0 0 0

-2.0 0 0 0 0 0 0 0 0 0 1.0000 2

o] 1ee 0 0 0 .1667 0 0 .1667 .1667 .1666  .1666 6

s |-z 0 0 .1250 0 .1250 0 0 .1250 .1250 .1250 8

o [-0.8 | .0606 0 .0666 .1333  .0667 .0667  .0667 0 0 0 15

S |04 0 .0588  .1176  .0588  .0588 0o .0588 0 0 0 17

S | 0.0 0 1111 .1 0 0 .0555 0 0 0 0 18

B | 0.4 | .oms 0 0 0 0 0 0 0 0 0 29

! 0.8 0 0 0 0 0 0 0 0 0 0 18

§ 1.2 0 0 0 0 0 0 0 0 0 0 13

s 1.6 0 0 0 0 0 0 0 0 0 0 5

2.0 0 0 0 0 0 0 0 0 0 0 2

2.4 0 0 0 0 0 0 0 0 0 0 1

2.8 0 0 0 0 0 0 0 0 0 0 0

Note:

a

m.

T

T, T , and t_ are in minutes.
a+l a

. is the total number of bed forms contained in the y,(¢) record and'which
also contain both an up-crossing and a down-crossing at the elevation Y
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Table 5. Sample conditional probability mass function of rest periods, pTIY (talyi) (Run 17)
D

T, 0 10 20 30 40 50 60 70 80 9 100 110 120
T 10 20 30 40 50 60 70 80 9 100 110 120 130
t 5 15 25 35 45 55 65 75 85 95 105 115 125
2.8 0 0 0 0 0 0 0 0 0 0 0 0 0
2.4 0 0 0 0 0 0 0 0 0 0 0 0 0
-2.0 0 0 0 0 .1000 .1000 0 0 0 0 0 .1000 .1000
o |-1.6 | 0322 .0322 0322 .1290 .0968 .0322 o .0322 0 .0323 .0323 .0968 0
g |71z | 0328 L0164 L1311 .098 1639 0492 .1639 .06% 0328 .0328 0328 .0164 .Oles
o {-0.8 | .0652 .0652 .1630 .1522 .1739 .1304 .0978 .0326  .0217 o .0109 .0217 0
£ |-0.4 | .0385 .1442 .2404 .2115 .1250 .1058 .0288 .0385 .0096 .0192  .0096 0 0
&
o | 0.0 | .o789 2281 .254¢4 .2105 .1228 .0351 .0526 0 0  .0088 .0088 0 0
B | 0.4 | .182 .3063 .2703 .1261 .0631 .0270 .0180 0 0 0 0 0 0
B | 0.8 | .2625 .3250 .2500 .0875 .0500 .0250 0 0 0 0 0 0 )
g 1.2 | L4286 .2857 .1786 .0893 .0179 0 0 0 0 0 0 0 0
& | 16| .e2s0 .2500 .1250 0 0 0 0 0 0 0 0 0 0
2.0 | L7273 2727 0 0 0 0 0 0 0 0 0 0 0
2.4 | 1.0000 0 ) 0 0 0 0 0 0 0 0 0 0
2.8 0 0 0 0 0 0 0 0 0 0 0 0 0
Ty 130 140 150 200 250 300 400 500 1,000 2,000 3,000
Tyl 140 150 200 250 300 400 SO0 1,000 2,000 3,000 4,000 m ;
ty 135 145 175 225 275 350 450 750 1,500 2,500 3,500
-2.8 0 0 0 0 0 0 0 0 0 0 0 0
-2.4 0 .3333 0 .333 0 0 0 0 0 o .3333 3
2.0 | .1000 0 0 o .1000 0 .1000 .1000 .1000  .1000 0 10
o l-1.6 | L0322 L0322 0322 .l613 .0322 .0322 .0645  .0645 0 0 0 31
o |-1.2 | .o16s o .0328 .0328 0 .0328 .0164 .0164 0 0 0 61
2 |-0.8 | .0109 o109 .0217 0 .0109 .0109 0 0 0 0 0 92
2 |-0.4 0 0 0 0 .0096 0 0 0 0 0 0 104
% | 0.0 0 0 0 0 0 0 0 0 0 0 0 114
T o 0 0 0 0 0 0 0 0 0 0 0 11
s {08 0 0 0 0 0 0 0 0 0 0 0 80
3 |12 0 0 0 0 0 0 0 0 0 0 0 56
216 0 0 0 0 0 0 0 0 0 0 0 32
2.0 0 0 0 0 0 0 0 0 0 0 0 11
2.4 0 0 0 0 0 0 0 0 0 0 0 3
2.8 0 0 0 0 0 0 0 0 0 0 0 0

N T are in minutes.
ote o Tarl’ and ty minu

"o is the total number of bed forms contained in the y,(¢) record and which also contain
’” both an up-crossing and a down-crossing at the elevation Yo
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Table 6. Variation of conditional mean and variance of
rest periods with elevation of dsposition;
E[7|¥,=y] and Var{T|¥ =y]
~ -~ Y
St?;gsgﬁzid E[T|.YD=yi], min Var[T]YD=y1:], min2
y«

* Run 4A Run 16 Run 17 Run 4A Run 16 Run 17
-2.8 (RSSO (RO ce mmmemen e
-2.4 1,400.8 --~eu-- 1,443.7 | 4,179,378 --e---- 4,671,616
-2.0 252.2 1,550.3 610.6 109,148 84,679 762,079
-1.6 120.5 714.8 198.0 19,552 204,840 74,793
-1.2 83.4 505.6 92.5 8,696 246,658 14,193
-0.8 58.2 230.9 53.5 3,529 39,416 2,548
-0.4 40.2 185.8 40.4 1,288 28,686 1,129

0.0 27.4 151.7 29.8 409 16,715 316
0.4 21.0 64.5 22.3 193 4,030 188
0.8 16.7 61.5 19.0 127 2,691 145
1.2 13.9 36.0 14.0 82 1,039 107
1.6 11.4 35.6 9.4 49 351 50
2.0 8.5 19.8 7.5 30 2 18
2.4 7.1 6.9 2.6 29
2.8 | eemmean mmmmcee ccmemem feaan
£l $3.8  180.5  60.1 - -
Var[7] 42,110 93,077 60,469
mi,i 2,167 134 708

Table 7. FEstimates of parameters and the results of goodness of fit test for the
conditional rest periods (two-parameter garma)
o stas Drred Run 4A Run 16 Run 17

Elevation k y Goodness k Goodness | k Goodness

L 2y r 2 o of 2y r m. . of 2,y r m, . of
min-! 2.y “ Fit Test¥ | min-l 2% “*  Fit Test | min-! 2,y v Rit Test
-2.4 0.0003 0.470 b5 R [, [ O LS
-2.0 .0023 .583 67  mmmmmem | meeen —eaee 2 emeaee- 0.0008 0.489 10 —eemem-
-1.6 .006 .742 137 z2 > acz 0.003  2.494 6  mmmmme- .003 .524 3L a2 < acg
-1.2 .010 .800 194 @ > a2 002 1.036 8 .007 .604 61 z? > a2
-0.8 .016 .959 253 a? <zl .006 1.353 15 —ee-ee- 021 1.125 92 z? > a2
-0.4 .031  1.255 314 xz2 > zg .006 1.208 17 ®? <aZ ) .03  1.444 104 z2 > "2
0.0 .067  1.835 361 22 < z? .009 1.376 18 @2 <z | .094 2811 114 x? < x?
0.4 109 2,276 338 a? < a? .016  1.031 29 22 <22 | 118 2.638 111 @2 < a2
0.8 J131 2.193 248 22 < a2 023 1.407 18 @2 <22 | .151 2.488 80 @ < x2
1.2 .157 2,361 150 a? < a? 035 1.247 13 ——eeee- .131  1.827 56 z? < 22
1.6 235 2.680 72 22 < 22 101 3.611 5 emeeme- (186 1.747 32 a? < a2
2.0 .283 2.408 19 —meeeee | mmee- 2 - .417 3.125 5 S
2.4 | ceeee e SN . AR, [ T

¥ Eirl7 1 Y (Brrlz,m)* ¥

2y Var[r|yeyl

p e DT
¥ Var[7|¥=y]

x2 = critical chi-square value at
a significant level of 0.05
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Table 8, Sample joint probability mass function of rest periods and elevation of deposition, pT,YD(tu’y ;) (Run 4A)
T [¢] 10 20 30 40 50 60 70 80 90 100 110 120 130 140
L 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150
o 5 15 25 35 45 55 65 75 8s 95 105 115 125 135 145
-2.8 [ 0 0 4 0 [ 0 0 [ 0 [ 0 0 4 0
-2.4 [ [ 0 [ [ 0 [ ] 0 0 [ [ 0 .0005 0
~2.0 | .0011 .0019 .0027 .0623 .0011 .00G68 .0004 .0008 .0008 .0004 6 .0008 .0D004  .0004  .0004
o |-1-6 | -0025  .0075  .0062 .0040 .0040 .0066 .0026 .0009 .0022 .0013 .0009 .0009 .0004 .0013  .0013
& |-1-2 | .0093 .0131 .0107 .0065 .0089 .0061 .0037 .0023 .0033 .0009 .00l4 .0005 .0028 .0019  .0033
§ -6.8 | .0114 .0253 .01S8 .0l124 .0104 .0124 .0030 .0040  .0040 .0030 .0035 .0030 .0025 .0020 .0020
g ~0.4 | .0155 .0338 0203 .0266 .G179 .0097 .0G72 .00S3  ,0034 .0024 .0019 .0014 .0024 .0010  .GOOS
@ | 0.0 | .0253 .0440 .0365 .0222 .0129 .0080 .00S8 .0018  .0013  .00O9 0 .0004 .0013 0 4
E 6.4 | .0341 .0567 .0318 .0161 .0111 .0023 .0028 .0009 0 0 0 0 0 0 0
E 6.8 | .0377 .0473 .0203 .0092 .0024  .0029 0 0 o 0 [ ] 0 0 0
3 1.2 | .028 .0248 .0131 .0633  .0005 0 0 4 0 4 [ 0 0 0 0
g 1.6 | .0127 .0093 .0021  .0007 0 0 0 0 0 0 0 0 0 0 0
2.0 | .0064 .0018  .0004 ¢ 0 (i 0 0 0 [ 0 0 0 (4 0
2.4 | .0005 .0003 0 0 0 0 0 0 0 0 (i 4 0 4 0
2.8 [ 0 0 [ 0 0 0 0 0 0 0 0 0 [ 0
Pplty) .1857  .2658 .1600 .1033  .0691  .0487 .0255 .0l60  .01SO  .0089  .0077 .0070 .0098  .0070  .0074
T 150 160 170 180 190 200 250 300 350 400 500 606 1,000 2,000
w1 160 170 180 190 200 250 300 350 400 500 600 1,000 2,000 8,000
t, 155 165 175 185 195 225 275 325 375 450 550 800 1,500 5,000
-2.8 0 4 0 0 4 0 0 0 0 0 4 0 0 0
-2.4 (i [ 0 0 ¢ .0015  .000S [ 0 .0005 6 .000S .0005 .0015
~2.0 4 6 .0004 .001l ¢  .0019 .00I1S .0004 .0008 .0008 .0011 .0023 .00l1 0
o |-t-6 | -0026 .0013 .0009 .0004 .0013 .0013 .0013 .0026 .00L3  .0018 .0013  .0009 4 0
z |22 .0023  .0005 .0005 .0009 .00l4 .0028 .0043 .0014 .0005 .0014 0 [ 0 0
g ~-0.8 | .0020 .0025 .0010 .0610 .000S .0025 .0010 0 0 0 0 (4 0 (i
% -0.4 | .000S .0005 .0005 0 6 .0005 .000S 0 0 .000S [ 0 0 0
s | 6.0 [ 0 0 0 [ 0 0 0 0 0 0 0 0 (i
3 |04 [ 4 ] 0 0 0 0 0 0 0 0 4 0 4
F | 0.8 (i 0 0 0 0 0 0 0 0 0 0 (i 0 (i
3 | 1.2 0 0 0 [ 0 0 0 ] 0 0 [ [ 0 [
g 1.6 (i 0 0 0 0 0 0 0 0 0 0 (i 0 (i
2.0 0 0 0 0 0 [ [ 0 0 0 0 (4 0 (i
2.4 [ 4 4 0 0 0 0 0 0 0 0 [ 0 0
2.8 0 0 0 [ ] [ [ [ 0 [ [ 1 0 0
Pplty) .0074 .0048 .0032 .0035 .0032 .0l105 .009G .0044  .0026 .0049 .0024 .0037 .0017  .0015
Note: T

o’

T and t in minutes.
a1’ o« 3T minutes
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Table 9. Sample joint probability mass function of rest periods and elevation of deposition,
PT’YD(ta.yi) (Run 16)
Ta 0 20 40 60 80 100 120 140 160 180 200
Toel 20 40 60 80 100 120 140 160 180 200 220
ta 110 30 50 70 90 110 130 150 170 190 210
-2.8 0 0 0 0 [ 0 0 0 0 i} 0
-2.4 i} 0 i} 0 0 [ 0 [ 0 0 0
-2.0 0 0 [} 0 0 0 0 0 0 0 0
1 -1.6 [ 0 0 0 0 0 0 .0063 0 i} 0
g" -1.2 .0151 0 [ 0 0 0 0 .0075 0 [ 0
'g -0.8 .0138 .0069 .0069 0 0 .0068 .0069 .0068 0 0 .0069
2 -0.4 .0216 .0072 [} L0072 .0072 .0072 .0072 .0072 .0072 [ .0072
s 0.0 .0148 .0074 .0148 .0074 .0074 .0074 .0148 .0148 .0074 ] 0
E 0.4 .0817 .0204  .0136 .0068  .0068 .0409 .0068 0 -0068 .0068 [
"g 0.8 .0381 .0229 .0153 .0153 .0076 .0076 .0229 [ .0076 0 0
E 1.2 .0524 0 .0225 0 .0225 4] 0 [ 0 ] [}
& 1.6 .0093  .0185 .0185 0 0 [ 0 [ 0 0 i}
2.0 -0082 .0082 0 0 0 0 0 0 0 Q i}
2.4 .0048 0 0 0 0 0 0 [} 0 0 [
2.8 0 0 0 0 0 0 0 0 [ 0 [
pT(ta) .2598 .0915 .0916 .0367 .0515 .0700 .0586 .0427 .0290 .0068 .0141
To 220 240 260 300 400 500 600 700 800 1,300
Tasl 240 260 300 400 500 600 700 800 1,300 1,800
ta 230 250 280 350 450 550 650 750 1,050 1,550
-2.8 0 0 [ 0 0 0 0 [} 0 0
-2.4 0 0 [ [ 0 i} 0 0 0 0
-2.0 0 -0 0 0 0 0 0 0 0 .0191
= -1 0 ¢ 4] .0063 0 ¢ .0063 .0063 .0063 0063
e |-1.2 [ 0 .0075 0 .0075 [} 0 -0075 .0075 .0075
'g -0.8 . 0069 0 .0069 .0138  .0069 .0069 L0069 0 [ 0
g -0.4 0 .0072 .0144 .0072 .0072 0 .0072 0 [} [
E 0.0 [ .0148 .0148 0 0 .0074 0 0 0 0
H 0.4 L0068 0 0 [ 0 [ 0 0 0 0
:é‘ 0.8 0 0 0 0 0 [ 0 0 i} [
§ 1.2 0 0 0 0 0 i} 0 0 0 0
g 1.6 0 0 0 [ 0 i} 0 0 [} 0
2.0 0 0 0 0 0 [ 0 0 [ 0
2.4 ] 4] 0 0 0 i} 0 ] 0 4]
2.8 0 0 0 0 0 [ 0 0 i} [
pT(ta) .0137 L0220 .0436 L0273 .0216 .0143 .0204 L0138  .0138 .0329
Note: T

o Tae1? and t, are in minutes.
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o

T and t_ are in minutes.
s Tae1? o e

Table 10. Sample joint probability mass function of rest pertods and elevation of deposition,
PT.YD(tQ’yiJ (Run 17)
TO! 0 10 20 30 40 50 60 70 80 90 100 110
Tu#l 10 20 30 40 50 60 70 80 90 100 110 120
ta 5 15 25 35 45 55 65 75 85 95 105 115
-2.8 0 0 0 0 0 0 0 0 0 [ 0 0
-2.4 0 0 0 0 0 0 0 0 0 0 0 0
-2.0 0 0 0 0 .0017 .0017 0 0 0 0 0 .0017
=3 -1.6 .0014 .0014 .0014 .0056 .0042 .0014 0 .0014 0 0014 .0014 .0042
o -1.2 .0029 .0015 .0017 .0088 .0146 .0044 .0146 .0058 .0029 0029 .0029 .0015
Q
o -0.8 .0085 .0085 .0211 .0197 .0226 .0169 .0127 .0042 .0028 0 .0014 .0028
g -0.4 .0059 .0220 L0367 .0323 .0191 L0162 .0044 .0059 .0015 0029 0 .0029
] 0.0 L0121 L0351 <0392 .0324 .0189 .0054 -0081 [ 0 L0013 L0013 0
'?i 0.4 .0294 .0476 .0420 .0196 .0098 .0042 .0028 0 0 0 0 )
'g 0.8 .0309 .0382 .0294 .0103 . 0059 .0029 0 0 0 0 0 0
'§ 1.2 L0312 .0208 .0130 . 0065 L0013 0 4] '] 0 4] 0 [
g
& 1.6 .0256 .0102 .0051 0 0 0 0 0 0 0 0 0
2.0 .0137 L0051 ) 0 0 0 0 0 0 0 0 0
2.4 .0035 0 0 0 0 0 0 0 0 0 0 0
2.8 0 0 0 ) 0 0 0 0 0 0 0 0
pT(ta) L1651 .1904 <1996 L1352 0981 L0531 L0426 L0173 L0072 .0085 .0070 L0131
TO( 120 130 140 150 200 250 300 400 500 1,000 2,000 3,000
Ta+1 130 140 150 200 250 300 400 500 1,000 2,000 3,000 4,000
ta 125 135 145 175 225 275 350 450 750 1,500 2,500 3,500
-2.8 0 0 0 0 0 0 0 0 0 0 0 0
-2.4 0 0 .0018 0 0018 0 0 0 0 0 0 .0018
-2.0 .0017 .0017 0 ) 0 .0017 0 .0017 .0017 -0017 .0017 0
-6 0 .0014 .0014 .0014 0070 .0014 .0014 .0028 .0028 0 0 0
o -1.2 .0015 .0015 0 .0029 0029 0 .0029 .0015 .001S 0 0 0
'5 -0.8 0 .0014 .0014 .0028 0 .0014 .0014 0 0 0 0 0
% -0.4 .0015 0 0 0 0 .0015 0 0 0 0 0 0
< | 0.0 0 0 0 0 0 0 0 0 0 0 0 0
E 0.4 0 0 0 0 0 0 0 0 0 ) 0 0
:E 0.8 0 0 0 0 0 0 0 0 0 0 0 0
g 1.2 0 0 0 0 0 0 0 0 0 0 0 0
g 1.6 0 0 0 0 0 0 0 0 0 0 0 0
2.0 ) 0 0 0 0 0 0 0 0 0 0 0
2.4 0 0 0 0 0 0 0 0 0 0 0 0
2.8 0 0 0 [ 0 0 0 0 0 0 0 0
pT(ta) .0047 .0060 .0046 .0071 .0117 .0060 .0057 .0060 .0060 .0017 .0017 .0018
Note: T
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Table 57. Conditional means and variances of step lengths; E[XiIE =y I -yj] and V?r[)(l]z =y xD'”j] (Run 4A)

STOCHASTIC ANALYSIS OF PARTICLE MOVEMENT OVER A DUNE BED

2.0 2.4
R 3.636 3.215 4.730 4.024 3.605 3.476 3.409 3.459 3.357 3,309 3.184 3,199 5.346 -----
R 373 .132 3,957 1.500 1.849 1.768 1.684 1.357 1.156 .966 .743 .985 --co- ---e-
20 |- - 3.298 3.843 4.214 3.771 3.407 3.261 3.133 3.102 3.036 2.935 2.909 3.000 4.308 -<---
N .605 .978 1.409 .986 1.133 1.074 1.069 .872 .783 .665 .557 .707 1.503 -----
e | e 2.848 2.944 3,417 3.239 3.173 3.076 2.989 2.956 2.898 2.804 2.773 2.820 3.485 -----
R .507 1.114 1.665 1.175 1.176 .991 .974 .779 .714 .599 .555  .559  .987 -----
a2 b 2.861 2.704 2.848 3.018 3.136 3.063 2.976 2.854 2.808 2.785 2.717 2.710 2.733 3.175 -----
N [RRSR .766 1.009 1.125 1.439 1.390 1.210 1.046 .872 .806 .726 .682 .669 1.055
o8 | 2.611 2.478 2.588 2.747 2.785 2.653 2.583 2.505 2.498 2.507 2.466 2.503 2.562 2.879 -----
: . .887 .759  .683  .623 .603 .66 1.155 -----
0.4 2.180 2.170 2.197 2.205
' .925  .772  .656  .602
0.0 1.929 1.797 1.843 1.916
. .854  .813  .666 .58l
0.4 1.728 1.595 1.437 1.521
: .723  .652  .637  .495
o8 | - 1.692 2.133 2.257 2.108 1.933 1.775 1.604 1.439 1.306 1.127
N (AR .010 .892 1.076 1.091 .837 .690 .634 .550 .485  .416
L2 e e e 1.731 2,279 2.188 1.903 1.756 1.581 1.373 1.203 1.036 .870 .968 1.508 -----
: .608  .501 .429 .313  .301 .297 1.035 ~----
1.6 1.503 1.288 1.142 .932 .812
. .646  .424  .397 .273 275
2.0 1.375 1.086 .954 .869 .785 .687  .460 -----
: .084 .120 .125 .128 .132 .147 .203 ---—-
2.4 R
E[X,YD=yj] ----- 1.194 2,172 2.397 2.577 2.486 2.384 2.257 2.119 2.025 1.972 1.938 1.983 2.056 2.458 -----
----- 1.396 1.232 .884 1.376 1.415 1,277 1.141 1.084 1.035 1.008 .935 .892 .915 1.671 -----

var[x] 1= yj]

Note:

Upper values are the means, in feet, and lower values are the variancés, in feet squared.



Table 58.Conditional means and variances of step lengths; E[XIIE =y YD-yJ.] and

SUPPLEMENTAL DATA TABLES

Var[Xl.YE.=yi. YD=yJ.] (Run 16)
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0.4 0.8 1.2 1.6 2.0 2.4 2.8 3.2
3.263 3.186 3.111 =---= =em-m ccoem omem oo
3.102
.026
28 | e 4.600 4,516 3.852 4.551 4.447 4.293 4.142 4.027 3.833
R T LRSI .678 1.068 1.179 .930 .832  .868 1.047
24 | e 4.334 4.415 4.548 4.612 4.621 4.480 4.363 4.217 4.063
T ETT .032  .467 1.059 .979 1.077 1.053 1.001 .869 .892
20 | e 4.185 4.477 4.623 4.626 4.514 4.437 4.399 4.223 4.083 3.931 4.012 3.591 3.126 ---=- -----  ---o-
R R .067 .545 .809 .760 .699 .752  .904 .746 .728 .716  .656  .199  .223 ~--e- ammee oooen
16 | e 4.649 4.646 4.438 4.524 4.369 4.327 4,261 4.075 3.981 3.834 3.987 3.851 3.816 4.430 4.379 -----
N R 1.942 1.396 1.074 1.032 .931 ,950 1.067 .953 .829 .790 .733  .620 1.163 .858 ----- —----
12 | o 4.390 4.513 4.295 4.269 4.113 4.039 3.942 3.783 3.694 3.562 3.685 3.689 3.568 3.952 3.243 2.391
---------- 1.397 1.076 1.038 1.079 .960 .918 .978 .880 .748 .705 .678 .665 1.074 .842 .904 -
0.8 3.410 3.256 3.919 4.020 3.961 3.878 3.726 3.632 3.553 3.399 3.356 3.287 3.474 3.481 3.519 3.580 2.933 2.112
R .837  .982 1.077 1.131 1.100 1.082 1.012 .833 .783 .747 .609 .840 .507 .824 -----
0.4 3.197 4.391 3.823 3.633 3.608 3.443 3.294 3.188 3.079 2.936 2.927 2.917 3.072 3.116 3.108 3.129 2.698 1.913
R R 3.638 1.307 1.236 1.108 1.069 1.121 1.126 1.131 1.059 .89 .762 .656 .524  .603  .483 733 -----
0.0 2.917 3.802 3.384 3.076 3.132 2.969 2.851 2.731 2.617 2.446 2.436 2.457 2.638 2.674 2.582 2.657 2.459 1.726
R 2.159  .958 1.092 1.020 1.042 1.028 1.021 1.050 1.032 .851 .714 .585 .462 .584 .502 .611 -----
0.4 2.534 3.273 2.893 2.727 2.769 2.692 2.559 2.437 2.316 2.155 1.963 1.960 2.174 2.262 2.296 2.421 2.219 1.574
A . 1.598 .860 .696 .737 .745 .745 .760 .756 733 .766 .675 .516 .411  .498  .424 433 --—--
0.8 2.266 2.844 2.413 2.317 2.285 2.300 2.207 2.104 1.987 1.846 1.718 1.519 1.684 1.824 1.938 2.116 1.999 1.409
e 1.072  .739 .576 .599 .591 .629 .617 .582 .558 .551 .612 .465 .367 .459  .358  .337 -----
1.2 1.728 1.574 1.431 2.067 2.127 2,058 1.966 1.844 1.713 1.598 1,498 1.388 1.175 1.358 1.544 1.788 1.769
N R - .213  .601 .428  .481 .527 .510 .468 .434  .427 .410 .416 .349  .433 .312 .308
P e 2.125 1.808 1.780 1.687 1.628 1.481 1,385 1.297 1.215 1.114 .946 1.195 1.438 1.512 .998
e R .041 .13 .311 .373 .371 .342 .335 .338 .340 .340 .383 .390 .252 .223 -----
2.0 | e - 1.590 1.371 1.811 1.718 1.676 .1507 1.419 1.340 1.269 1.198 1.109 .960 1.054 1.257 814
R SO .160  .297 .229 .242 .232 .232 .234 .232 .237 .276 .183 .139 -—--—-
D IR .949  .879  .802 .672+ .923  .652
o .083 .083 .084 .096 017 —----
P .885  .832 .780 .727 .675  .496
5.2 DI T
E[leD=yJ.] 2.073 2.512 3.008 2.924 3.097 3.049 2.927 2.825 2.716 2.567 2.473 2.402 2.517 2.500 2.516 2.550 2.308 1.495
v§r[x|yD=yJ,] 1.463 3.476 2.290 1.635 1.530 1.512 1.499 1.509 1.547 1.477 1.432 1.381 1.392 1.234 1.252 1.409 1.164 .368

Note: Upper values are the means, in feet, and lower values are the variances, in feet squared.
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Table $9. Conditional means and variances of step lengths; E[x]xE-yi, rn-yj] and v?r[x]:b.ayi, rpsyj] (Run 17}

3.191
.504

3.051
.531

3.056
-475

2.816
477

3.013 3.017 2.790 2.662 2.574 2.499 2.476

-0.-8 .935  .733 .638 .681 .610 .530 ~ .452
J0.4 2.772 2.709 2.461 2.354 2.232 2.141 2.129
. .664 .613 .583 .616 .608 .529  .445
0.0 |7 3.396 2.878 2.523 2.379 2.153 2.041 1.934 1.792 1.765 1.814 1.877 1.942 1.798 ----- -----
R e .223  .563 .522  .496 .516 .522 .502 .435 .351 .312 .358 .220 ----- -----
0.4 |- 2.110 2.131 2.123 2.091 1.896 1.763 1.652 1.513 1.377 1.421 1.521
N R .965  .344  .457 .370 .360 .398 .405 .382 .403 .318 .260
o8 |- 1.108 1.636 1.888 1.846 1.696 1.573 1.464 1.332 1.219 1.069 1.135
R T .439  .238  .237 .245 .289 .279 .257 .256 .272 .24l
R Eaa 1.817 1.584 1.621 1.526 1.400 1.280 1.146 1.048 .941 .786 .891 .984  .967
T R e .090  .220 .253 .245 .248 .214 .210 .203 .212 .202 .147 -----
1.6 | - 1.226 1.285 1.520 1.540 1,289 1.190 1.038 .945 .841 .725 .545 .639  .753 -----
R I .106  .248  .254  .155 .183 .174 168 .161 .157 .16l  .133 =--e- ---o-
2.0 .948  .866 .793 .714  .629 .494  .546
. .150  .148  .147  .139  .123  .102 -----
2.4 .941 796  .682  .577 .494 411
2.8 I DT T T
E[leD=yj] ----- L9893 2.311 2.473 2.440 2.271 2.153 2.042 1.925 1.866 1.841 1.847 1.899 1.777 .506 -----
er[x]yD=yJ.] ----- 1.815 1.104 1.069 1.010 .845 .861 .849 .811 .818 .797 .762 .765 .606  .424 -----

Note: Upper values are the means, in feet, and lower values are the variances, in feet squared.
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Table 60. Estimates of parameters describing two-parameter gamma distribution for conditional step lemgths (Run 4A)

-3.2 -2.8  -2.4 -2.0 -1.6 -1.2  -0.8  -0.4 0.0 0.4 0.8 1.2 1.6 2.0 2.4 2.8
I T Sl e ST S 2.438  2.006 2.551 36.109 25.170 18.010 10.871 --c--- —memce smcces —mcee-
R R 7.407 5.700 8.034 131.689 89.329 61.956 24.818 ---v-= -emcoe cmeeos aceees
I T EaiaenliE e I R 2.657 1.780 1.887 2.214  3.172 3.822 3.395 8.236 7.008 ----a- =ceem=  e-eeee
R N 11.086 6.804 6.832 7.494 10.275 12.258 10.848 24.420 19.397 ----ue -ceoms —-mea
2.4 24.356 1.195 2.683 1.950 1.966 2.024  2.549 2.904  3.425 4.285 3.248 -v---- sommee ee-een
: 78.305 5.654 10.795 7.029 6.834 6.901  8.817 9.749 11.335
20 3.929 2.991 3.825 3.007 3.036 2.931  3.557 3.877 4.414 5.222 4.243
: 15.120 12,603 14.422 10.245 9.901 9.182 11.035 11.772 12.954 15.193 12.730
1.6 2.643  2.052 2.756 2.698 3.104 3.069  3.795 4.059 4.681 4.996 5.045
: 7.780 7.012 8.929 8.561 9.548 9.173 11.217 11.762 13.126 13.855 14.226
2 3.530 2.822 2.683 2.179 2.204 2.460 2.728  3.220 3.405 3.742 3.974 4.085
: 9.545 8.039 8.096 6.834 6.750 7.319 7.787  9.042 9.623 10.168 10.768 11.328
0.8 48.352  6.321 4.174 2.916 2.449 2.317 2.430 2.824  3.291 3.671 3.958 4.151 3.830
: 126.247 15.664 10.803 8.011 6.822 6.147 6.276 7.074  8.221 9.202 9.761 10.390 9.811
0.4 21.245 2.911 3.148 2.070 2.050 2.051 2.334  2.357  2.811 3.349 3.663 4.041 3.614 2.126 -~-w--n e----
: 44.232 7.086 7.889 5.358 5.163 5.035 5.451 5.138  6.100 7.358 8.076 9.193  8.529  5.535 —cocem --aoee
0.0 4.199 3.938 2.374 2.127 2.049 2.193 2,259  2.210 2.767 3.298 3.701  3.854
: 10.736 9,058 5.697 4.837 4.551 4.567 4.357  3.972 5.100 6.319 7.424 8.020
0.4 2.452 5.078 2.401 2.190 2.257 2.468 2.390  2.446 2.256 3.073 3.818 4.135
: 5.668 13.066 5.678 4.727 4.636 4.697 4.130  3.902 3.242 4.674 6.342  7.336
os |- - 2.391 2.098 1.932 2.309 2.572 2.530  2.616 2.693 2.709 3.390  3.905
N 5.101 4.734 4.073 4.464 4.566 4.058  3.765 3.517 3.053 4.217 5.443
12 3.018 1.941 2.171 2.805 2.600  2.741 2.804 3.310 2.890  3.259
: 6.879 4.248 4.190 4.926 4.111  3.763 3.373  3.429 2.515 3.155
O I S 6.299 1.051 1.791 2.891 2.327  3.038 2.877 3.414 2.953 2.204
RS (SRR R 9.562 1.869 3.021 4.503 3.497  3.913 3.285 3.182 2.398 1.311
2.0 |mmmmmme mmmememmeecmmenemeee e e 16.369  9.050 7.632 6.789 5.947 4.673  2.266 <----v --ue--
i P S 22.507  9.828 7.281 5.900 4.668 3.211 1.042 --c--n —-mee-
2.4
2.8

Note: Upper values are k and lower values are r .
PP Ly,y' Ly
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Table 61. Estimates of parameters describing two-parameter gama distribution for conditional step lengths (Run 16)

-1.6 -1.2 -0.8 -0.4 0.0 0.4 0.8 1.2 1.6 2.0 2.4 2.8 3.2
4,261  3.772 4.616 4.978 4.639
19.393 16.773 19.817 20.620 18.683
W 135.437  9.454  4.295 4.711 4.291 4.254 4.359 4,853 4,555 4.227 4.637 ------ —-mmm- memmeo ammeoe oeee-
A $86.986 41.739 19.532 21.727 19.827 19.060 19.017 20.464 18.507 16.702 18.126 ------ e
2.0 |7 - 62.463 8.215 5.714 6.087 6.458 5.900 4.866 5.661 5.608 5.490 6.116 18.045 14.018 ------ —--ee- —ooo-
---------- 216.406 36.777 26.418 28.158 29.150 26.179 21.406 23.906 22.800 21.582 24.537' 64.800 -
16 | e 2.394 3.328 4.132 4.384 4.693 4.555 3.993 4.276 4.802 4.853 5.439 6.211 3.281 5.163 ------ -----
---------- 11.129 15,462 18.339 19.832 20.503 19.708 17.016 17.424 19.117 18.607 21.686 23.920 12.521 22.873 -----= --o--
a2 | e 3.142  4.194 4.138 3.956 4.284 4.400 4.031 4.299 4.938 5.052 5.435 5.547 3.322 4.694
R 13.795 18.928 17.772 16.890 17.622 17.771 15.889 16.263 18.243 17.997 20.028 20.464 11.853 18.549
_0.8 | e 3.690 4.803 4.034 3.601 3.294 3.302 3.284 3.359 4.029 4.198 4.652 5.716 4.189  7.061
---------- 14.462 19.308 15.977 13.964 12.275 11.992 11.667 11.416 13.521 13.793 16.156 19.897 14.742 25.279
0.4 |t 1.207  2.925 2.939 3,256 3.221 2.938 2.831 2.722 2.772 3.368 3.828 4.683 5.946 5.154 6.478
R I 5.300 11.182 10.678 11.74% 11.089 9.679 9.026 8.382 8.140 9.859 11.166 14.386 18.529 16.019 20.270
0.0 3.532  2.817 3.070 2.849 2.773 2.675 2.492 2.370 2.862 3.441 4.509 5.788 4.421 5.293
. 11.954  8.665 9.617 8.460 7.907 7.305 6.523 5.797 6.973 8.455 11.896 15.477 11.416 14.063
0.4 |- 2.048 3.364 3.918 3.757 3.613 3.435 3.206 3.063 2.940 2.563 2.%04 4.213 5$.504 4.610 S5.710 5.125 -----
R PR 6.704  9.732 10.685 10.403 9.727 8.790 7.814 7.095 6.336 S5.030 S5.691 9.159 12.449 10.586 13.824 11.372 -----
0.8 | 1.671 3.265 4,022 3.815 3.892 3.509 3.410 3.414 3.308 3.118 2.482 3.622 4.970 4.222 5.911 5.932 -----
R 4.752 7.879 9.320 8.716 8.951 7.744 7.175 6.784 6.107 5.357 3.770 6.099 9.065 8.183 12.507 11.858 -----
12 | e 6.718 3.439  4.970 4.279 3.730 3.616 3.660 3.682 3.508 3.385 2.824 3,891 3.566 5.731 5.744
e T 9.614 7.109 10.570 8.805 7.334 6.667 6.270 5.884 5.255 4.699 3.319 5.284 5.506 10.247 10.160
1.6 | e e e 13.908 5.723 4.523 4.388 4.330 4.134 3.837 3.574 3.276 2.470 3.064 5.706 6.780 -----
e 25.145 10.188 7.630 7.144 6.413 5.726 4.977 4.342 3.650 2.336 3.662 8.206 10.252 -----
2.0 - 11.319  5.784 7.319 6.227 6.116 5.776 5.423 5.164 4.67%9 3.478 5.760 9.043
R e LT 20.498 9,938 12.266 9.384 8.679 7.740 6.882 6.18 5.189 3.339 6.070 11.367
T 19.639 ------ 14,600 12.857 12.217 11.434 10.590 9.548  7.000 ------ --eo-
A R e e R 27.769 ------ 17.053 13.886 12.387 10.851 9.309 7.657 4.704 ------ ----o
2.8 [ DI
K 7 S

Note: Upper values are 7<l

Y.y

lower values are 7

Ly,y'’
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Table 62. Estimates of parameters describing two-parameter gamma distribution fer conditional step lengths (Run 17)
-2.8 -2.4 -2.0 -1.6 -1.2 -0.8 -0.4 0.0 0.4 0.8 1.2 1.6 2.0 2.4 2.8
-3.2 oD D D T DI T T T T T
-8 |TIIDOIIN IO I T T oo oo
22,4 3.809 8.836 8.241 7.700 6.331 5.013 6.530 9.808 9.729 -----
15.335 33.338 27.640 24.594 20.203 15.280 20.934 35.113 32.185 -----
~2.0 4.746 5.772 5.512 5.685 5.746 5.535 6.645 8.953 11.706 -----
16.332 19.158 18.106 17.646 17.530 16.605 20.134 28.855 33.573 -----
-1.6 4,622 5.329 5.681 5.634 6.434 7.086 8.966 14.322 10.660 ----- -----
: 16.042 17.692 18.237 17.329 19.661 21.136 26.289 42.666
-1.2 5.101 4.782 4.961 5.105 5.904 6.113 6.579 6.507
15.901 14.385 14.496 14.386 16.624 16.926 17.790 17.615
-0.8 4.373 3.909 4.220 4.715 5.478 6.042 7.137 7.306
) 12.201 10.406 10.861 11.783 13.563 14.893 17.422 17.615
.0.4 4.221 3.821 3.671 4.047 4.784 5.616 6.178 5.452
) 10.388 8.996 8.194 8.665 10.186 12.080 13.511 12.098
0.0 |t mmeee 12.906 4.481 4.557 4.341 3.955 3.705 3.570 4.057 5.168 6.016 5.425 8.173 ----- -----
----- 37.143 11.306 10.842 9.346 8.073 7.165 6.397 7.161 9.375 11.292 10.535 14,694 ----- -----
0.4 2.186 6.195 4.646  5.651 5.267 4.430 4.079 3.961 3.417 4.468 5.850 5.642 8.436 ~----- -----
’ 4.614 13.201 9.862 11.817 9.986 7.809 6.739 5.993 4.705 6.350 8.898 9.169 12.882 ----- -----
0.8 |7t ovmee- 3.727 7.933 7.789  6.922 5.443 5.247 5.183 4.762 3.930 4.710 5.227 7.121  -----
T P 6.097 14.977 14.379 11.740 8.562 7.682  6.904 5.805 4.201 5.345 6.748 9,229 -----
1.2 17.600 7.368 6.032 5.714 5.161 5.355 4.990 4.635 3.708 4.411
: 27.878 11.944 9.204 8.000 6.606 6.137 5.230 4.362 2.914 4.327
1.6 12.123  6.129 6.063 8.316 6.503 5.966 5.625 5.224 4.618 3.385 4.804 ----- -----
. 15.578 9.316 9.337 10.719 7.738 6.192 5.316 4.393 3.348 1.845 3.070 ----- -----
P e e 10.074  6.320 5.851 5.394 5.137 5.114 4.843 --me-  --ee-
I B e e 10.960 5.991 5.067 4.278 3.668 3.216 2.392 -eme- eo-e-
2.4 I T D T
2.8 ST T T T

Note: Upper values are kl , and lower values are r
B B

Y,y Y.¥
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Table 63. Results of goodnese of fit test for conditional step lengths (Run 4A)
nyl_ = -0.8 Yoy, = 0.0 YE=yi =0.8
YD=y 1/
kl y y’_ 2/ Goodness kl ) Goodness k1 , Goodness
Y EN oy of Yoy N pom of Yy » Ay of
fe-1 Yoy 7 Fit Test¥ | £e-! 4y 7 Bit Test | ft-! R »J Bit Test
-1.6 2.449 6.822 128 %2 < xi 2.127  4.837 146 2 < xi 1.932  4.073 60 % <&l
-1.2 2.317 5.147 217 x? < x;‘; 2.049  4.551 263 &% < x§ 2.309  4.464 124 2% <l
-0.8 2.430 6.276 336 2 < xi 2.193  4.567 440 a2 < xi 2.257  4.566 213 &% <zl
-0.4 2.824 7.074 423 22 <z2 | 2.259  4.357 603 22 < xi 2.530  4.048 306 2% <
0.0 3.291 8.221 457 22 < ®2 | 2.210  3.972 725 22 < .ri 2.616  3.765 403 g2 < x2
i)
0.4 3.671 9.202 420 22 < =2 | 2.767  5.100 666 2 < zi 2.693  3.517 455 2 < xi
0.8 3.958 9.761 307 %2 < a2 | 3.298  6.319 468 22 < xi 2.709  3.083 470 2% <22
1.2 4.151 10.390 181 x? < .ré 3.701 7.424 253 x? < .rg 3.390 4.217 284  z2 < xg
1.6 3.830 9.811 48 22 < xg 3.854 8.020 56 22 < xé 3.905 5.443 67  x? < xé
v g - ot 2/ (“ _ -y )2 3/
Elxlrg=y, Y] Elx|y=y, Yp=y'] )

r ==
LYY Var(x|rey, Yey')

r T T~
VY Varlx| gy, 2]

x = critical chi-square value
at a significant level of
0.05

Table 64. Results of goodness of fit test for conditional step lemgths (Run 16)
YE=yi =-0.8 YE=yi =0.0 YE=H’[ = 0.8
I V/
kl — 2/ Goodness kl , Goodness kl . Goodness
R EN 2 oom, of R r , m. o of oYY r pom s of
fe-1 At ©J it Test>! | ft-! Y Ted Ry Test | frol R »J Fit Test

-1.6 3.601 13.964 155 o? <a? 2.849 8460 184 x® <ol | 3.892  8.951 124 w? <zl

-1.2 3.294 12.275 239 x% < :ci 2,773 7.907 294 =f <l | 3.509  7.744 200 22 < mi

-0.8 3.302 11992 295 2 <&l 2.675  7.305 376  z® <xZ | 3.410 7.175 254 x? <&
-0.4 3.284 11.667 341 22 < 2 2.492 6.523 442z < xi 3.414  6.784 297 x? < :cf)

0.0 3.359 11.416 365  z? < e 2.370  5.797 482  z? < xi 3.308  6.107 317  x? < x§

0.4 4.029 13.521 337 x? <zl 2.363  6.973 444 % <22 | 3.118  5.357 325 z? < aci

0.8 4.198 13.799 272 2? < x? 3.441 8455 350 % <zl | 2482 3770 331 2% < 22

1.2 4.651 16.156 146  x? < 2 4.509 11.89 197 = < 2% | 3.622  6.099 207 z? < 22

1.6 5.716 19.897 52 2 <al 5.788 15477 77 x? <22 | 4.970  9.065 83 2% < a?

2, £ 2 3,
v BLX] 77y, Yyy'] Y (Etrtrgmy, ¥y'1) ¥
e 7 » R e 22 = critical chi-square value
Ly VBI[X’YEF% Yrey'l Ly.y VaT[XIYEFH: Yyl ® at a significant level of
0.05
Table 6S. Results of goodness of fit test for conditional step lengths (Run 17)
YE=yi = -0.8 nyi = 0.0 nyi = 0.8

Y=y .

LACAP ,—l—/ . Goodness | %, , Goodness [k, , Goodness
Lysy r, 2o of (ALY , om., of oYy r, ,om of
fe-t 2yY ©0J pit Testd | £eo1 Ly 120 gig Test | ft-! Yy »J Fit Test

-1.6 4.116 12.418 109 % < 2 4.557  10.842 129  x? > acg 7.789  14.379 68 2% < a2

-1.2 4.373 12200 259 2?2 > o2 4.341  9.346 301  x? < zi 6.922 11.740 159 % < xi

-0.8 3.909 10.406 406 &% > x2 3.955  8.073 493  z? < a:i 5.443  8.562 267 x2 < xi

-0.2 4.220 10.861 487 2% <P 3.705  7.165 632  x? < xi 5.247  7.682 357 2 <&

0.0 4.715 11.783 502 2% < =2 3.570  6.397 704 x?>x2 |5.185  6.904 411 z? < &2

0.4 5.478 13.563 449  z? < ,—.g 4.057  7.161 647  x? > xz 4.762  5.805 425 2f < &l

0.8 6.042 14.893 324 2% < a2 5.168  9.375 469 a2 < xi 3.930  4.201 427 «x? < xi

1.2 7.137 17.422 155 2% < .ré 6.016 11.292 235  x? < xi 4.710  5.345 247  x? < xg

1.6 7.306 17.615 83 ot <l §.425 10.535 80 & <zl |5.227 6.748 85 A

v 3/

Sty oy
. E[X| Y=y, Yp=y']
Ly’ Var(x|7pey, )my')

=4 (Etrlrgmy, 1,271)

r = —
LY.y’ Var[x| =y, Ypmy']

x2 = critical chi-square value
®  at a significant level of
0.05



71

U S ammen mmen s
----- gogt ——ees 128 ST 2
R po1°1 ——am e 805 2 e 8z ‘g T1e I0oF 3003 1 03 Tenbs axe syafusy dols 03 SYIPTIM SSBID Ayl 930N
yzy: 60p° 1T  ----= 905* 0s§'z  -=--- vz T
909" 2140 S V1N ¢ L7191 8sy'Z 0z 659%0z = £ P 11
soL° ¥Ee'1  s16° 668'1  00S°Z  950°2 91 5 . T "
z9L° z6s'1 268" Ly8'T LIS £86°1 1 . ¢
160" 186°1  S56° W81 Zov'z  856'1 8°0 9 000" 000° 000° 000° L99° £eg” vz
. . . . . . . 26 000° 000" 850" og* L6V (38 0z
818 ZEP' T 800°1 998°1  sLbZ  zL6'l v'0 s8s, 000° 010" Lot seg° 665" 91" 91
us” LLv'1 s50°1 s26°1  195°C  S20°2 0'0 o1s'T 000" 010° 260° Leg: 8¢ L81" 21
JATAYS 000" 110" 01" vog* 88" 102" 20
698" rS° T 980°1 vtz 9IL'T  611°Z v*o-
198" 60S'1  TPI'T gs1°z s’z LSZ°e 8'0- ovpes 000" S10° Lot* 262" 065* 961" v'0
) . . . 8£9°¢ 100° L10° ST L62 90b" yo1° 00
S¥8 66v° 1  LL2°1 'z L26°7 852 z'1- 955 S 100° ¥20° Wi ols" e £I1° vo-
010'T  ZIS'T  ST1 ovb'z  6%0°S  98%°C 91~ 969°2 200" £50° 9s1° 62" 20" 8L0° 8°0-
949°1 £00° 240" sL1° 258” 685" 0" 2 1-
690°T  08°'T  9L8'T SLV'T  L60°S  LLS°T 0z~
vOI'T  SE9°T 488" 1€z ¥26°7 L6572 voz- L69 690° £2Z° aus” Lis: 910° 9°1-
. . . . . . . sz 080 622" 6% 918" 220" 0'z-
SI18°1 06Z°27 FAXAN 686°0 800°¢ Lt 82~ X4 050 152 P 958" 050" vz
oibs 9681 e z18'z bET'1 2og- w 000°0 89£°0 6410 25170 000°0 8-z-
EEEECIIE < 123 SRR TS --ee-§L0°7 -m--- 9:g- - e
55 sy 5°'s sz s'1 s'0 I
(Luy ol umy  ypuny | LT umy o umy vy uny ¢ 5 YAk
‘R 13 ‘Y "yaen SseBL)
e e
a3 U Az|x)az 3 1A portpaspusIS LIRS I
. (L1 wy) (A=) g “syzbuvy degs fo uozownf ssow A3371qvqoad (puoiztpuco eydudg 89 e1qEl

1A%z x1azp pue (477|113
fuozzzsodap Jfo uorgvasle yjie syzbusy degd
Jo soupramwa puv wuvew PUOIFIPUCD fO U0V ‘g9 2IqBL

‘g 118 X0F 1003 T 03 T[enba aie syjBual daas I0J SYIPTM SSBID Ayl :9I0N

[
Cpea B2
L0961 = © “w { { ‘g TT® 207 3003 1 03 TeEnbs aae syiBuay deds 103 SYIPTM SSBId 9yl :930N

SUPPLEMENTAL DATA TABLES

0 000" 000* 000" 000" 000" 000° 000" 000" 9'¢
z1 000" 000" 000" 000" 000" s61° seL* zL0° 2 pe, £ 2
£T 000" 000°* 000" 9v0° vze* s’ Lpg" 110" 82z 81802 = © ‘w { {
91 000° 000° S10* o1 y0z° 50%° 152" 250° vz
0 w--- —--- meees e -—--= ----- -eeu- - v
oz 000" 000" 910" 560° 902" £95" 652" £L0* 0z B 000° 000" £00° 6v1° 091* LST° vLE" oy o'z
£29 000* 000" 010" 180" 652" ses” spZ° 080" 91 615 000" 000" £00° z20° £80° 82" s6g° s12° 91
8LY'T 000* z00° L10° 660" 812" 508 £92* 960" 483 18°1 000" 000° 200" £10° 980" 0sz* Loy’ we” 21
e 000°* 200° 810" 280" 561" 862" 062* St 80
£18°C 000" £00° 520° £80° £02° 262" 82" s0t1° v'o 026°2 000" 000" 200° st0° 080" sve” £0b° Lsz* 80
£59°¢ 000" 100° z00° 020" 580" sz sIP° e ¥'0
816°C 100° 500° 1£0° £60° 902* z62° 82" ¥80° 0'0 £59°¢ 000" 100° 00" 120° z60° 8g2” SEp° 602" 0°0
sL'z 200° 010" 150" - 82z° 862" 152° 950" 70~ 760 100° 100° 500° 1£0° so1" vz 65b° yST v0-
L¥8'T 100° 110° 650" sz1° 152 662 0sz* 850" 8°0- 9082 100° 100° 800" L50" 9z1” sLz” ovy” 1418 8°0-
888°1 200" £10° 910° 0sT* zve” 918" 122" 20" 21
L81°1 100" v10° 090" 651" 852" 91" 00z* z10° 9°1- STP'T 100° 200" 910" 2h0° 0s1” 282* ozy: 180" z1-
96L 200° 500° 520° ¥50° £S1° 008 ° £0b° 850" 9°1-
S95 £00° 910" 650" LAl 892" 605" 61" 600" 0'z- L8¢ 000* #00° 520° 1L0° 7zt e 83¢" 810" 0°z-
81 00" z10° 080° 228 952° 28” ¥S1 020° yz- yLT 000° 000° 000° £20* SST° ¥98° osb* #00° vrz-
99 £00" 520° o [c18 £28° 09Z* £5T° 50" 8°z- 6 000°0 0000 000°0 0%0°0 181°0 85£°0 15v°0 000°0 8°2-
o1 000" 000* 5L0* 802" 00¢" z62° se1° 000" zg-
9 000°0 000°0 0000 000°0 262°0 £85°0 s21°0 000°0 9'g- pia M St s'9 5'S S'¥ s'¢ sz s'1 50 tpa
£z, fpay
st s'9 s'§ Sy s's s'z S'1 S'0 13 ‘¥z yaeq ssep
33 ¥z oqaen ssepp e
(vp umy) A.ﬁmuv a_xm ‘syzbuey dezs fo uoirownf ssow A3173qoqoad ruorapucd spdupg 99 ITqel

a
(91 uny) a.«.m_msv Flxg “syzbusy dors Jfo uowownS ssvw A171quqoad 7pU0C1PUCO B7duDS L9 STqEL



‘g {fe 103 3003 [ 03 fenba sae syj3Buaf dals I0j SYIPTM SSBID QY[ :330N

100" v20° i®r stg* 765" sST° (®n)%a
a—— [, R, PR - PR R, 8z
meeene smmem- memee- il == £200° 2100 | 24
bt aseman semmee 1100° 1500 £600° 9Z00" 0°z
sseee- mmm——- 000 yv00°" €10° £910° 9900 * 9'1
L000° £900° 8€£20° 08z0° 9¢10" FAN
£100° 0z10° L5€0° avyo” 9£20° 80
£200° 1090* z050° 0
9z00" £290° z870° 0°0
L£00° L290° £L10° V0~
£¥00° 0zs0° T010° 80~
L£00° Lye0® L£00° ' 1-
000" 8c10” L000° 9°1-
v100° §S00° 000" [ A
£000°0 6100 2000° vz
smmee- ceee—— it £000°0 0000°0 8°z-
- .- c———— Cecaen PO 2°5-

S'9 S°S Sy S'¢ S'T s°t S0
.N.Mnnh

13 ‘¥z ‘yzey sse1n

[« 380
(21 wy) n.n.m.muu X'X4 euoygreodap
Jo uopavasre puw syibusy dae fo uopgownS esow A3313qoqoad quiol syduwg  "ZL o1qel

*g [Te 103 3003 T 03 fenba aae syifuay dais 103 SYIPTM SSBYI IYL 930N

#U.S. Government Printing Office: 1977-777-102/13

STOCHASTIC ANALYSIS OF PARTICLE MOVEMENT OVER A DUNE BED

72

9 X ‘g 17® X03 3003 1 03 Tenba aie syiBual dais 10F SYIPTM SSBID ayL :930N
100° 900° 0£0° £01° 2e* z0¢* 292" sLo° Cx)'d

——eee ---—-- Rhantt mmme-- ---e- -em--- mmemes mmesm- 8z 100° 100° L00° 620" 901" 09z* zy° sL1 =n¥d
—meee- —eeee- 1000° 5000° 0100° 6100° 1100° 2000° vz RRREEL s =-eoe- -e-een mevem- ------ -—--e- vz
—eeee- £000° 9100° §£00° 0900° 6500° £100° 0'z seemee -mme-- 0000° £100° ¥100° 2100° z500° 0z

-- 5000° 9£00° 0z10" 1510° y110° Lg00° 91 em--- 1000° $000° 1200° 0L00" 8600° 91

------ 2000° L100° 9600° z1z0° L620° 9520* £600° z'1 --——-- 1000° 6000° 0900* 9LT0" 9820° z'1
ERREES £000* 500" £110° 8920° 600" 860" 8sT0° 80 —---ee 000" 9100* 9600° 1620° £8v0° 20
----e- 9000° 600" zL10° 070" 9L50° 9950° £020° Vo z000* £000° 1€00" ££10° 6950° vr90° LL50° v°0
1000° L000° 500" 6210° vLz0" 6850° 8L50° z110° 00 seme- z000" 9000° ¥£00° 8510° 2850° 8690° 5650° 0°0
2000° z100° s¥00° L810° 6.20* ¥9£0° v1€0° §900° vo- 2000° z000° 8000° L900* 6510° 00%0" 9990° 520" v°0-
1000° 1100° 0¥00" 6210° svZ0° 60£0° 8520° 6£00° g0~ 1000° 1000° 0100° 9%00° 8510° SpE0° 1850° or1o* 80~
1000° 8000° 8200° 8L00° 9¥10* 0610° 510" ¥100° z'1- 1000* 2000" ¥100° 800" 9g10* §s20° 1850° 6L00° z'1-
0000" 5000° £200° z500° £600° 6110° 5L00° 5000° 9°1- 1000°0 £000" §100° £500° £600° z810° yv20° $£00° 9:1-
1000 £000* 1100° 8200° 1500° 6500° L£00° z000° 0°z- - 1000°0 9000°0 8100° 1£00° $600° 6600° S000° 0°z-
0000° 000" 6000° S100° £200° 9£00° L100° 2000° vz- Raatts mm=-n- memes- 2000° 6000* 0700° 500" 0000°0 v'z-
1000°0 z000°0 £000° z100° 5200° 0200° Z100° £000° 8'2- Rkt -e--e- 0000°0 0000°0 0000°0 0000°0 - 8'2-
FREEES —eeee- 5000°0 5000°0 £100°0 6100°0 8000°0 00000 z'g- smeee- —----- meese- ----- mmeme- --eme —m——- zg-
sz 59 s's sy s'g 5z S'1 s'0 sz s'9 s's sy s'€ sz 51 S0 L. aq
“ASr

13 ‘9z ‘yaEy sse1d 33 ‘Uz ‘yaew ssern
Lot ritg . Ppetny Trtx
(o1 uny) (“A‘%x) £ 7d ‘uozg280dep (v uny) (“A*%x) © 7d ‘uozqzeodap
Jo uogvasys pup syzbusy degs fo uopgownf ssow Azpyiqeqoad guzof syduws 1. A1qel Jo uoypasis puv syzbusy dezs fo wopzownf ssow A331iqoqord juzol syduvsy 0L o1qel









